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INTRODUCTION 


This book provides a discussion of the basic concepts and methods of electromyography, 
electrodiagnosis, electroencephalography, and evoked potentials. Section 1.0 provides a 
review of the basic and accepted methods of electromyography/electrodiagnosis that are 
used to evaluate patients with neuromuscular disorders. This section also includes an 
overview of neurophysiology, electricity and electronics, and the equipment used in diag¬ 
nostic procedures. 

The field of electroencephalography has experienced substantial growth and develop¬ 
ment during the past 10 years. Clinicians are now working with new technologies that al¬ 
low them to directly view brain activity with less limitations and distortion. Section 2.0 
provides the basic principles behind these new technologies and their role in clinical and 
research science. 

Evoked potentials, the subject of Section 3.0, provide information that compliments 
electroencephalography. The most common evoked potentials used in clinical test — 
visual evoked responses, brain stem auditory evoked responses, and somatosensory 
evoked potentials — are discussed in terms of anatomy, recording methods, recording 
montage, and clinical applications. Intraoperative monitoring and event-related potentials 
are also reviewed. 

Neurophysiological monitoring during major surgery and anesthesia has become an 
essential element of the anesthesiologist and surgeon in the operating room and intensive 
care unit environments. Changes in the electroencephalogram and evoked potentials can 
be easily displayed and quantified by high-technology, microcomputer-assisted brain 
monitors for rapid on-line interpretation. Section 4.0 introduces the basic principles and 
theories of intraoperative brain monitoring, and the interpretation of spontaneous and 
computer-processed EEG during general anesthesia and major surgery. 
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Figure 1.1 — Transverse section of the cervical spinal 
cord and vertebra. 
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Figure 1.2 — Portions of the peripheral neuromuscular 
system. 
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1.0 ELECTROMYOGRAPHY/ ELECTRODIAGNOSIS 

This section concerns several electrodiagnostic procedures — including nerve conduction 
studies (NCSs), the needle electrode examination (NEE), F-waves, and H-reflexes — used 
to assess patients with possible peripheral neuromuscular disorders. These procedures are 
often grouped under the terms electrodiagnosis and electromyography, although neither is 
completely satisfactory. Electrodiagnosis is a very indefinite designation. Even though it 
has a limited meaning by convention, it justifiably could be used to describe all the vari¬ 
ous diagnostic tests that measure electrical activity generated in humans and other living 
creatures, including electroencephalograms, electrocardiograms, and electroretinograms. 
Electromyography was originally coined to describe just one of the procedures regularly 
performed in the electromyographic (EMG) laboratory. When used in its expanded sense, 
it can be both confusing and misleading. Nonetheless, because a more satisfactory term 
has not been forthcoming, electrodiagnosis and electromyography continue to serve as 
collective designations for this group of diagnostic procedures. 

The electrodiagnostic examination assesses: (1) the peripheral sensory nerves at and 
distal to their cell bodies of origin in the dorsal root ganglion (DRG) within the bony 
intraspinal canal but external to the spinal cord, along the more distal portion of the dor¬ 
sal, or posterior (sensory), root (Figure 1.1); and (2) the motor unit, which is composed of 
an anterior horn cell (AHC) in the anterior, or ventral, horn of the spinal cord, the motor 
axon that passes distally from the AHC, all the muscle fibers innervated by its axon's ter¬ 
minal nerve fibers, and the intervening neuromuscular junctions (Figure 1.2). Some of the 
procedures also assess other nervous system structures. For example, the H-wave test 
evaluates a portion of the SI spinal cord segment as well as the sensory fibers connecting 
the SI DRG to the spinal cord; the facial motor NCS and the NEE of the facial muscles 
evaluate the 7th (facial) cranial nerve and its cell bodies originating within the brain stem. 
The electrodiagnostic examination essentially assesses the peripheral nervous system 
(PNS), rather than the autonomic nervous system (ANS) or the central nervous system 
(CNS), which consists of the brain and spinal cord. 

Electrodiagnostic examinations are performed on patients for two reasons: (1) to de¬ 
tect an abnormality of the motor unit or the peripheral sensory nerve fibers, or to exclude 
the presence of a lesion of those same structures; and (2) to characterize known lesions by 
determining their etiology, underlying pathophysiology, severity, prognosis, and location 
(with focal lesions). 

The electrodiagnostic examination consists of several components. The two basic tests 
are the NCS and the NEE, which were introduced into clinical use at different times. His¬ 
torically, the two tests can be performed independently. However, they so often prove 
complimentary to one another that both usually are performed on every patient. 

The NEE is the oldest component of the EMG examination. Its clinical value was first 
appreciated in the mid-1940s, although it had been used some years earlier on a limited 
basis for research. The term electromyography initially applied only to the portion of the 
electrodiagnostic examination. Some physicians continue to view it in that limited sense, 
although many now employ it as a generic term for the entire electrodiagnostic examina¬ 
tion. 

During the NEE, a recording needle electrode is inserted into various skeletal muscles. 
The electrical activity generated in a muscle is then conveyed to the EMG machine where 
the waveforms and sounds it produces are analyzed. 
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The NCS came into clinical use more than a decade after the NEE, in the late 1950s. 
During the NCS, brief electrical stimulation is applied to a nerve and the evoked nerve or 
muscle response is recorded. If motor nerve fibers (i.e., nerve fibers that innervate mus¬ 
cles) are stimulated, the electrical activity, i.e., the compound muscle action potential 
(CMAP), generated in one of the muscles supplied by that nerve is recorded and the study 
is referred to as a motor NCS. For example, the standard median motor NCS consists of 
stimulating the nerve at the wrist and elbow while recording over the median-innervated 
thenar (base of thumb) muscles in the hand (Figure 1.3a). Conversely, if the stimulus is 
applied to sensory nerve fibers (i.e., nerve fibers that conduct sensation to the spinal cord), 
the nerve impulses initiated at the site of the stimulus are recorded along the nerve itself at 
some more proximal or distal point as a sensory nerve action potential (SNAP). The proce¬ 
dure is then referred to as a sensory NCS. For example, the median nerve is stimulated at 
elbow and wrist while recording from the median digital (sensory) nerves supplying the 
index finger (Figure 1.3b). 

Although most of the major limb nerves are actually mixed nerves in that they contain 
both motor and sensory fibers, for technical reasons their motor and sensory nerve fiber 
components usually are studied separately. At times, however, mixed NCSs are per¬ 
formed, during which a stimulus is applied to a nerve trunk containing both motor and 
sensory fibers and the nerve action potentials generated by that stimulus are recorded at a 
more proximal point. For example, the median nerve is stimulated at the wrist while re¬ 
cording over it at the elbow (Figure 1.3c). 

Special electrodiagnostic studies include a number of procedures, such as 
H-responses, F-waves, blink reflexes, repetitive stimulation studies, and single-fiber elec¬ 
tromyography. Except for H-responses and F-waves, these tests have much more limited 
application than the NCS and NEE. Thus, blink reflexes are performed only when abnor¬ 
malities of the 5th (trigeminal) and/or the 7th (facial) cranial nerves or their central con¬ 
nections are suspected. Similarly, repetitive stimulation studies are performed only when 
a defect in neuromuscular transmission is suspected. In contrast, H-responses and F- 
waves are considered an integral part of the basic electrodiagnostic examination in the 
majority of EMG laboratories and, therefore, are performed routinely along with the NCS 
and NEE. 

The electrodiagnostic examination has a number of advantages and limitations. A 
major advantage is that it can provide objective evidence of a peripheral neuromuscular 
abnormality at a time when the clinical examination is normal or equivocal, or when it is 
unreliable due to an associated CNS abnormality or from poor patient effort related to 
hysteria, malingering, or pain on activation. Another benefit is that it often can localize a 
focal lesion. Moreover, with both focal and generalized nerve lesions, electrodiagnosis can 
provide important information regarding prognosis by determining the severity of the 
disorder and the type of pathophysiology present (axon degeneration versus demyelin- 
ation). Similarly, with both neuromuscular transmission disorders and myopathies, it can 
determine the severity of the process, help classify it, and aid in determining etiology. 
Another significant benefit of electrodiagnosis is that it often allows differentiation of dis¬ 
orders that are clinically similar; e.g., some types of anterior horn cell diseases (neurogenic 
disorders) and some types of muscular dystrophy (myopathic disorders), both of which 
affect children and adolescents and produce prominent proximal muscle weakness. 

A major limitation shared by all components of the EMG examination (including the 
NCS, NEE, and all the special studies) is that they assess only the large, heavily myeli¬ 
nated nerves. At no time are the unmyelinated or lightly myelinated nerve fibers, such as 
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those that carry pain and temperature, evaluated. This limitation often proves more ap¬ 
parent than real because nerve fibers of various sizes are intermixed within peripheral 
nerves and, consequently, most types of injury do not damage only one type. Moreover, 
of the relatively few injuries that do so (e.g., compression and stretch), most typically af¬ 
fect only the myelinated fibers because of their greater susceptibility due to their larger 
size. A second major limitation is that electrodiagnosis has a highly variable sensitivity for 
different peripheral neuromuscular disorders. This variability extends to members of the 
same general disease category; e.g., some types of muscle disorders produce striking find¬ 
ings on the electrodiagnostic examination and are readily recognized, while others cause 
no detectable abnormalities. Thus, false-negative EMG examinations invariably occur and 
are inherent to the procedure. Finally, a number of factors can severely limit the value of 
the EMG examination; e.g., it tends to be less helpful in patients at the extremes of age and 
in patients who had poliomyelitis in their youth. 

1.1 The Electromyographic Examination- 
Practical Details 

The electrodiagnostic examination typically is performed in a quiet room under some¬ 
what subdued lighting. Usually certain rooms are dedicated to this purpose, although the 
examination can be performed in other areas, such as the intensive care unit, whenever 
indicated. The typical EMG examination room contains an examining table covered with 
a soft pad and made of wood rather than metal to reduce electrical artifact, a chair for the 
examiner, and the necessary electrodiagnostic equipment. Essentially the same elec¬ 
tromyograph machine and associated equipment are used for all portions of the exami¬ 
nation, including the NCS and the NEE (Figure 1.4). These consist of various electrodes 
used to stimulate the nerves, to record responses from the nerves and muscles, and to re¬ 
duce electrical artifact. Other necessities include connecting cables to transmit the electri¬ 
cal activity between the electrodes and the machine, preamplifiers and amplifiers, various 
filters, and components which allow the information to be assessed and analyzed by the 
examiner, such as a cathode ray oscilloscope for visual display and a loudspeaker for au¬ 
ral analysis. A loudspeaker is particularly beneficial during the NEE, because some of the 
electrical potentials generated can be more easily recognized by their characteristic sounds 
than by their appearance. Frequently, the electrical activity is not only displayed on the 
cathode ray oscilloscope screen for instantaneous review, but also captured on videotape, 
film, or various types of special paper for storage as a permanent record. A nerve stimula¬ 
tion unit is a necessary component of the EMG machine for the NCS and for most of the 
special studies. 

A number of additional items are required whenever electrodiagnostic examinations 
are performed: adhesive tape to hold the (surface) electrodes in place; electrolytic paste to 
establish satisfactory contact between the electrodes and the skin; a measuring device 
such as a tape measure or calipers to establish the set distances between the stimulating 
and recording electrodes required for some NCS and to determine the distance between 
the two stimulation points when conduction velocities (see below) are calculated; and, fi¬ 
nally, gauze and alcohol to clean the skin before performing the NCS and NEE. 

During the typical EMG examination, the patient lies in a comfortable position on the 
examining table to ensure adequate muscle relaxation. Both the seated electromyographer 
and the EMG machine face one another beside the examination table (Figure 1.5). 
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Figure 1.6 — Histologic features of a myelinated motor 
nerve fiber. 
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Figure 1.7 — A single motor unit and its component 
parts. 
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Electromyographers are physicians with special knowledge about both the disorders 
of the peripheral neuromuscular system and the particular electrodiagnostic changes they 
produce. In North America, almost all physicians who perform electrodiagnosis are either 
neurologists or physiatrists (physical medicine physicians). In some high volume EMG 
laboratories, the NCS portion of the electrodiagnostic assessment is performed by spe¬ 
cially trained technicians. This portion of the examination can be delegated as long as the 
responsible electromyographer determines the particular NCS to be performed, is im¬ 
mediately available at all times for consultation during the NCS, and subsequently inter¬ 
prets it. In contrast, the NEE cannot be delegated to technicians because it is a very fluid 
procedure which cannot be standardized. Even though most electromyographers rou¬ 
tinely assess a certain set of muscles on patients during the NEE (depending upon the par¬ 
ticular problem for which the patient was referred), additional muscles frequently must be 
added as the study unfolds. 

Electrodiagnostic examinations are not standardized from one EMG laboratory to an¬ 
other, even for patients with presumably the same disorder. This applies not only to the 
particular nerves assessed during the NCS and the specific muscles sampled during the 
NEE, but even to the exact NCS performed on a given nerve. For example, several differ¬ 
ent techniques have been described to study the various median sensory nerve fibers. Tire 
electrodiagnostic examinations in the same EMG laboratory also cannot be standardized 
from one person to another because the specific studies performed depend on such factors 
as the reason for referral and what changes, if any, occur as the assessment proceeds. Only 
when patients studied in the same EMG laboratory are referred for, and have, the same 
disorder of similar severity are the electrodiagnostic examinations performed likely to be 
essentially identical. In this respect, even the most basic EMG examination differs consid¬ 
erably from the routine electroencephalographic examination and electroretinographic 
examination, because far more possibilities exist regarding where and what to assess with 
it. For example, the electrodiagnostician must decide how many and which limbs to 
study. For each limb, which of the many available NCSs should be performed and which 
of the numerous muscles should be sampled on the NEE? What special studies, if any, 
should be done? 

In the following sections, information is presented about fundamental electronics, 
anatomy, and neurophysiology. The various components of the EMG equipment will be 
discussed, as will both of the basic portions and procedures of the electrodiagnostic ex¬ 
amination (the NCS and NEE). The types of possible altered physiology will be reviewed. 
Finally, the practical application of the electrodiagnostic examination to clinical disease 
will be discussed and some of the typical electrodiagnostic findings associated with vari¬ 
ous disorders of the peripheral neuromuscular system will be presented. 

1.2 Anatomy 

The PNS is divided into a sensory (afferent) system and a motor (efferent) system. Some 
classifications include the ANS as a third subdivision, although most view it as a separate 
entity. Major nerve trunks of the extremities almost always carry nerve fibers from all 
three systems. 

All nerve fibers are composed of axons, the tubular structures containing axoplasm 
and surrounded by the surface membrane or axolemma. The axoplasm contains cytoplas¬ 
mic material holding filamentous structures and organelles. Microtubules and neurofi¬ 
laments are elements of the cytoskeleton involved in axonal transport mechanisms and 
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Figure 1.8 — The neuromuscular junction. 



Figure 1.9 — Anatomic relationship between the 
perpendicularly oriented longitudinal and transverse 
tubules in a muscle fascicle. 
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are responsible for moving nutrients and cellular factors to and from the distal regions of 
the nerve. Axons are surrounded by satellite cells called Schwann cells. The myelin cover¬ 
ing of many axons consists of whorls of alternating layers of lipid and protein, produced 
by the Schwann cells. Myelination is segmental, with tiny spaces at regular intervals left 
unmyelinated, called nodes of Ranvier, where membrane ion channels are concentrated 
(Figure 1.6). Myelin serves as an insulation that facilitates electrical impulse generation 
along the nerve surface membrane. Nerve conduction velocity is increased in myelinated 
nerves, because the advancing electrical field of depolarization jumps from one node of 
Ranvier to the next, a property called saltatory conduction. 

The size and electrical conductive properties of nerve fibers vary over a large spec¬ 
trum. The smallest nerve fibers, less than 1 micron in diameter, are unmyelinated and 
carry autonomic and sensory pain information. The largest fibers, up to 20 microns in di¬ 
ameter, carry either motor or sensory information pertaining to proprioception, vibration, 
and muscle spindle function. A direct relationship exists between the diameter of the axon 
and the thickness of its myelin sheath. A direct relationship also exists between the total fi¬ 
ber diameter and the speed of impulse propagation along its surface membrane. 

The peripheral motor system is known as the motor unit (Figure 1.7). As noted, it in¬ 
cludes the AHC that lies in the anterior aspect of the spinal cord, the axon derived from it, 
branchings of the motor axon, motor nerve terminals, their adjacent muscle endplates 
(neuromuscular junctions), and the muscle fibers innervated by all terminal branches aris¬ 
ing from the main axon. 

The neuromuscular junction is the synapse between the motor nerve terminal and the 
muscle endplate (Figure 1.8). Vesicles of acetylcholine (Ach) produced locally in the nerve 
terminal concentrate at active release zones along the terminal's surface membrane. Lying 
opposite, a highly redundant folding of the surface membrane of the muscle is specifically 
organized with Ach receptors at the peaks of the membrane folds. Each receptor is part of 
a large glycoprotein molecule forming the ion channel that opens when Ach occupies its 
binding site. In the troughs of the folds, acetylcholinesterase lines the membrane, meta¬ 
bolizing Ach to acetate and choline for re-uptake by the nerve terminal. 

Groups of individual muscle fibers constitute a muscle fascicle, surrounded by a deli¬ 
cate connective tissue called the endomysium (Figure 1.9). Muscle fascicles, in turn, are 
grouped together and are surrounded by a coarse perimysium. The whole muscle belly is 
surrounded by a connective tissue called the epimysium. The smallest contracting unit is 
the muscle fiber, with a surface membrane (sarcolemma) and internal contents (sarco¬ 
plasm). Within the sarcoplasm are many bundles of cylindrical myofibrils which, in turn, 
are composed of longitudinally-oriented contractile filaments: actin and myosin. During 
muscle fiber contraction, filaments slide beside each other, thus shortening the muscle fi¬ 
ber and producing muscle contraction. 

1.3 Neurophysiology 

1.3.1 Nerve 

One property shared by essentially every cell of the body is the presence of electrical po¬ 
tentials across its surface, or cell, membrane. Some cells (e.g., nerve, muscle) are capable of 
repeatedly abolishing and then reforming the potential gradient across their cell mem¬ 
branes. By doing so, these cells are able to transmit impulses as information. 
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At rest, a large nerve fiber has a potential across its cell membrane of approximately 90 
millivolts (mV). This means that if a reference, or indifferent, electrode is placed in the 
interstitial, or extracellular, fluid surrounding the nerve fiber and a very small electrode is 
then inserted into the nerve fiber itself, an electrical potential of 90 mV is recorded be¬ 
tween the two electrodes. By convention, the external electrode serves as the reference, so 
the interior of the cell is described as negative compared to its exterior (Figure 1.10). For 
very brief periods during nerve stimulation (approximately 3/10,000 of a second), this 
transmembrane potential is reversed, passing from -90 mV to +35 mV and then back 
again to -90 mV. This rapid change is called an action potential. The potential change from 
-90 mV to +35 mV is called depolarization, while the second portion, when the potential 
passes from a peak of +35 mV back to -90 mV and re-establishes the resting potential, is 
referred to as repolarization (Figure 1.11). 


Figure 1.10 — A 90 mV transmeimbrane potential exists 
between the exterior and the interior of a nerve cell. 


(a) 


Voltage meter 

0 / -90 



(b) 


mV 

0 


-40 

-60 

-80 

-90 


Extracellular potential 
(electrode outside the cell) 


Electrode 
entering 
the cell 


Intracellular potential 
(electrode inside the cell) 


12 








% Spaeelabs Medical: ELECTROMYOGRAPHY/ELECTROENCEPHALOGRAPHY 

I * "" 


Figure 1.11 — The action potential. 
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Figure 1.12 — Composition of the intracellular and the 
extracellular fluids. 
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Figure 1.13 — Membrane charge during the resting 
potential. 1C = potassium ions; Na + = sodium ions; 

Cl** chloride ions; A~= fixed intracellular ions (primarily 
intracellular proteins). 


Membrane 



Figure 1.14 — Contributions to the resting membrane 
potential: (a) passive diffusion of the potassium ions 
(-86 mV), (b) the sodium-potassium pump (M- mV). 
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1.3.1.1 The Resting Membrane Potential 

The cell membrane of a nerve or muscle fiber is a very thin, complex structure consisting 
of a bilayer of phospholipid molecules and protein. It has different degrees of permeabil¬ 
ity for different substances and these can change markedly at times. The membrane is per¬ 
meable to lipid-soluble substances but rather impermeable to water-soluble substances, 
such as ions. However, the latter can still move across the membrane. They do so because 
protein macromolecules are embedded within the membrane that act as channels, or 
pores, for their passage. Some of these channels are open at all times while others, referred 
to as voltage-dependent or voltage-gated channels, open or close, depending upon the 
transmembrane potential. The ion channels can be very selective for the type of ion (so¬ 
dium, potassium, calcium, etc.) they allow to pass through them in the open state. 

To remain in a resting state, a nerve or muscle cell must meet two requirements: (1) 
equimolarity on the inside with respect to the outside, and (2) electric neutrality. 

The first requirement means that the number of particles, organic and inorganic, con¬ 
tributing to the osmolarity of the intracellular and extracellular solution should be equal. 
This state is accomplished by the extracellular fluid containing mostly inorganic particles, 
and the intracellular fluid containing a mixture of inorganic and organic particles (Figure 
1.12). To achieve the second requirement, electric neutrality, the number of positively- 
charged ions on both the external and the internal surfaces of the membrane must be 
equalized by the same number of negatively-charged particles. The negatively-charged 
intracellular proteins, organic sulfate compounds, and organic phosphate compounds, are 
restricted to the inside of the cell because the cell membrane is impermeable to them. 

Consequently, the major charged ions, or electrolytes, such as sodium, potassium, and 
chloride, must establish themselves in various concentrations on both sides of the mem¬ 
brane to achieve electric neutrality (Figure 1.13). Whether these ions move into or out of 
the cell depends upon: (1) their chemical or concentration gradient, and (2) their electrical 
gradient. TTiese are referred to, collectively, as the electrochemical potential gradient for each 
ion. The degree of importance of each of the major charged ions in determining the 
transmembrane voltage is proportional to the membrane permeability of each. Whenever 
the membrane is relatively impermeable to both sodium and chloride, the transmembrane 
potential is dominated almost solely by the electrochemical potential gradient of the po¬ 
tassium ions. Similarly, the transmembrane potential becomes essentially the product of 
sodium ion diffusion whenever the membrane becomes selectively permeable to that ion. 

The negatively-charged chloride ions are much more prevalent extra-cellularly than 
intracellularly. Their diffusion gradient, based on their concentration alone, would be to¬ 
wards the inside of the cell. However, the electrical gradient opposes this, because of the 
negatively-charged ions within the nerve fiber to which the cell membrane is im¬ 
permeable; e.g., intracellular proteins. Chloride ions pass through the resting membrane 
in relatively small quantities and the permeability of the chloride channels remains the 
same during the action potential. For these reasons, chloride ions function rather passively 
in the establishment of both resting and action potentials. 

The potassium ions, in contrast to chloride ions, are positively charged and are much 
more abundant within, rather than outside the cell. Consequently, their concentration gra¬ 
dient favors outward movement which is prevented by the electrical charge on the mem¬ 
brane. At rest, the membrane is much more permeable to potassium than to sodium ions. 
Hence, the resting membrane potential is primarily due to the potassium diffusion poten¬ 
tial based on the unequal distribution of ions between the inside and the outside of the cell. 
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Positively-charged sodium ions are in much higher concentration outside the nerve 
cell than within it, and their charge favors inward movement. Consequently, both the 
concentration and the electric gradient for sodium are inward. Yet, the sodium ions re¬ 
main mainly outside the cell during the resting state. This is partly because the membrane 
during that period is relatively impermeable to sodium by a factor of 1 to 100, compared 
to potassium. In addition, sodium ions are actively extruded from the interior of the cell 
during the resting state by an energy-consuming sodium pump. This is actually a sodium- 
potassium pump in that for every three sodium ions forced to the outside, two potassium 
ions are carried inside. This 3:2 ratio causes a continuous loss of positive charges from the 
inside of the membrane, creating an additional small degree of negativity (-4 mV), over 
that which can be explained by diffusion alone (passive diffusion of the sodium and 
potassium ions yields a summated resting potential of -86 mV). (See Figure 1.14). 

In summary, a number of factors contribute in varying degrees to the establishment and 
maintenance of the resting membrane potential. However, most of the -86 mV is due to the 
potassium diffusion potential, while the remaining -4 mV results from sodium-potassium 
pump activity. 

1.3.1.2 The Action Potential 

Impulses are transmitted along nerve and muscle membranes by means of action poten¬ 
tials in which the membrane potential undergoes a series of rapid, reversible changes. It 
converts from a negative resting potential to a positive action potential because of the 
rapid transfer of positive charges to the interior of the fiber. It then returns to a negative 
potential again as the positive charges are transported back to the exterior. Whenever the 
resting membrane potential starts to become less negative, i.e., begins to rise from -90 mV 
toward 0, some of the sodium channels, impervious to sodium ions during the resting 
state, begin to open. The inflow of sodium ions causes a continued rise in the membrane 
potential, opening even more sodium channels. Soon a point is reached, somewhere be¬ 
tween -70 mV and -50 mV, when all the remaining closed sodium channels are abruptly 
opened and the membrane permeability to sodium ions suddenly increases markedly (up 
to a 5,000-fold increase). The potassium channels also open during depolarization, al¬ 
though slightly after and more slowly than the sodium channels. Because of the influx of 
sodium ions, the transmembrane potential abruptly shifts from approximately -70 mV to 
+35 mV. The sodium channels remain open for only a few ten-thousandths of a second 
and then close. The abrupt decrease in sodium entry into the cell and the simultaneous 
egress of potassium ions from the cell soon leads to repolarization and the reestablishment 
of the resting membrane potential (Figure 1.15). 
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Figure 1.15 — Action potential, with the sodium and 
potassium ion permeability changes superimposed. 



The cell membrane acts as an electrical capacitor in that positive charges, after they are 
pumped from the inside to the outside of the membrane, line up along the outside surface. 
The negatively-charged ions, remaining within the cell, line up along the inside surface of 
the membrane. This means that only a relatively few positive ions must be transported 
outward to create a negative internal potential, just enough to establish the electrical di¬ 
pole layer at the membrane. All the remaining ions inside the nerve fiber can have equal 
numbers of positive and negative charges. Consequently, only a very minute percentage 
of the total of positively-charged ions — about one five-millionth to one one-hundred-mil¬ 
lionth of the ions available — need to be transported from the interior to the exterior of the 
cell to establish a normal resting membrane potential. Only an equally small number need 
to move from outside to inside the cell to change the transmembrane potential from -90 
mV to +35 mV, which can occur in as brief a time as one ten-thousandth of a second. This 
incredibly rapid shifting of ions across the nerve and muscle membranes generates the 
electrical signals recorded in the EMG laboratory. 

Nerve action potentials can be produced by electrical stimulation of the nerve because 
current flows through the tissues between the two prongs — the anode and cathode — of 
the stimulator. Whenever this current reaches a certain intensity, it enters the nerve fiber 
and passes longitudinally through a short segment of it, i.e., through the portion situated 
between the two stimulator prongs, and then exits. Beneath the cathode, negative charges 
accumulate outside the axon membrane, causing the inside to become relatively more 
positive. Under the anode, the negative charges tend to leave the cell surface, making the 
inside of the cell relatively more negative. Thus, under the cathode the transmembrane 
potential rises toward zero. This causes some sodium channels to open. Threshold voltage 
is soon reached, the voltage-dependent sodium channels open en masse, and rapid 
depolarization ensues (Figure 1.16). 
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Figure 1.16 — A peripheral nerve can be depolarized 
at many points along its course by percutaneous 
stimulation. 



An action potential produced at any single point along an excitable membrane usually 
depolarizes adjacent portions of the membrane because once the in-rushing positively- 
charged sodium ions are within the cell, they turn and pass along its core for several mil¬ 
limeters. This increases the transmembrane voltage (by taking it towards zero) in adjacent 
segments to cause it to rise above threshold voltage. Other action potentials are thereby 
triggered as the sodium channels in the adjoining areas open. The action potential spreads 
in both directions from the initially activated site. This is called the propagation of the action 
potential. Under ordinary circumstances, action potentials begin at one end of the nerve fi¬ 
ber (i.e., the AHCs for the motor fibers, and their receptor organs for the sensory fibers) 
and then travel unidirectionally to the opposite end. However, nerve fibers themselves 
readily conduct in either direction. Bi-directional nerve impulse transmission results 
whenever peripheral nerve trunks are stimulated (Figure 1.17). 
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Figure 1.17 — Once a nerve is depolarized at some point 
along its course, a wave of depolarization passes in both 
directions from that point (i.e., both peripherally and 
centrally), followed by repolarization. 
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With myelinated nerve fibers, action potentials occur only at the nodes of Ranvier, the 
regularly repeating points along the axon situated between adjacent myelin segments. At 
these areas, the axons are essentially uninsulated and ions can readily pass between the 
intracellular and extracellular fluids. Therefore, only small nerve segments are depolar¬ 
ized (Figure 1.18), unlike the situation with unmyelinated nerves, in which virtually all the 
nerve membrane is depolarized in a progressive fashion. The node-to-node impulse con¬ 
duction, or saltatory conduction, along myelinated nerve fibers permits much greater 
speed of impulse transmission than does the continuous conduction of unmyelinated 
nerve fibers, because the axon surface area to be depolarized is relatively very small and 
therefore very rapidly depolarized and because the impulse actually jumps from one 
node to the next. The large myelinated nerve fibers in humans conduct impulses normally 
between 40 m/sec to 65 m/sec, or 90 miles per hour to 145 miles per hour. 
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Figure 1.18 — Saltatory conduction, in which the nerve 
action potential jumps from one node of Ranvier to the 
successive one. 



With focal demyelination, the electrical characteristics of the demyelinated nerve seg¬ 
ments may be altered by increased internodal capacitance and conductance to the point 
that adjacent internodes cannot be depolarized, resulting in conduction block. Alternately, 
the adjacent internode may ultimately be depolarized, but the process may require a 
longer interval to reach threshold voltage, causing conduction slowing. 

1.3.2 The Neuromuscular Junction 

Chemical transmission across the neuromuscular junction is mediated by Ach, which is 
released in vesicles containing 10,000 molecules of this chemical. Release occurs with de¬ 
polarization of the nerve terminal at active sites of Ach release. These sites can become 
depleted of Ach vesicles. If release occurs at a steady, slow pace of less than 5 vesicles/sec, 
the amount of Ach release never falls below that required to produce a threshold depolar¬ 
ization of the postsynaptic muscle membrane, the so-called safety factor. 

The postsynaptic portion of the neuromuscular junction is characterized by highly in¬ 
folded muscle membrane, which holds the Ach receptor molecules. These receptors are 
integrated structurally with the ion channels responsible for sodium and potassium flux 
across the muscle membrane. When an Ach molecule reaches the Ach receptor binding 
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site, a conformational change occurs, opening the ion channel and allowing sodium in¬ 
flux. After leaving the binding site, Ach molecules drift to the troughs of the junctional 
folds where they are metabolized by acetylcholinesterase into acetate and choline for re¬ 
uptake by the nerve terminal. 

The measurable electrical discharge produced after depolarization of the muscle 

cnorvnrl 'inr 1 / -v t*n 1 r\oon s~\ T ^ r 1 •»-> rvl ttooii-iIo r\l- A ir i n-r 111i /-i f -1 t v /-> ,->11 ulnl/i 

XI IV.AA LJL/A CIA OVCU1 L V_1 Ct A y IU A CAVUOV- WJ Cl JIAL^AV. V C JAGAC. V/l Z - VV_A L A3 ICJLUICU Cl f t Ilf ILUIU-I C Of lU~jjlULC 

potential. Such electrical discharges are present at rest, since a steady state leakage of Ach 
vesicles occurs across the neuromuscular junction to maintain structural integrity of the 
end-plate. Miniature end-plate potentials are insufficient to produce the threshold depo¬ 
larization of the muscle membrane needed to induce a propagated action potential. Only 
when many miniature end-plate potentials are summated after massive Ach release can 
such an action potential be generated. 


1.3.3 Muscle 

Propagated action potentials proceed from the muscle end-plate, along the muscle fiber 
membrane. Action potentials reach the sarcoplasmic reticulum of the individual muscle 
fibers through the transverse tubules. This produces a release of calcium from terminal 
cisterns of the longitudinal tubules. Released calcium binds to troponin, which shifts the 
interaction between tropomyosin and actin (Figure 1.19). This frees a myosin molecule to 
form a new bridge to an actin molecule, pulling actin past myosin as these chemical 
bridges are formed. The effect is to shorten the sarcomere and develop muscle tension. 
After the action potential passes, calcium is pumped by ATP-dependent active transport 
back into the sarcoplasmic reticulum. Tropomyosin loses its position with actin and the 
bridges between actin and myosin are broken, producing muscle relaxation. 


Figure 1.19 — Fine structure of the thin actin filament with 
actin molecules attached to globular-shaped troponin and 
rod-shaped tropomyosin in an orderly arrangement. 



1 A Electricity and Electronics 

Clinical electromyography includes the recording of electrical signals from muscle and 
nerve. An understanding of the basic concepts of electricity is essential to appreciate the 
techniques of the nerve conduction studies and the NEE. The following is a brief overview 
of the basic concepts of electricity and electronics. 
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Electricity is the phenomenon of flow of electrical charge. Charge (Q) is actually a con¬ 
cept that evolved from empirical observations of electricity in nature and in experiments. 
Although charge can be either positive or negative, it is the flow of the negative charge of 
electrons that is responsible for electricity. The primary unit of negative charge is the cou¬ 
lomb, which represents the negative charge of 6.25 x 10 18 electrons. Because electricity rep¬ 
resents a flow of charge, it must be directional. The direction of charge flow has been 
arbitrarily defined as flow from positive to negative. Current (I) is the amount of charge 
flow per unit time. An ampere (A) is the primary unit of current, defined as the flow of 
one coulomb of charge per second. 

Voltage refers to the amount of potential electrical energy between two charged points 
in space. Voltage, which is often designated by V or by E for electromotive force (EMF), is 
measured in units called volts. One volt is equal to one joule divided by one coulomb. In 
other words, one joule of energy is required for one coulomb of charge to move across a 
potential of one volt. 

Resistance (R) is encountered when charge moves in matter. The energy lost from this 
resistance is dissipated into heat. Conductors refer to matter in which resistance is mini¬ 
mal, while insulators refer to matter in which resistance is very high. The energy lost due 
to the resistance of charge flow (current) in matter results in a reduction of the voltage be¬ 
tween the two points of charge flow. The relationship between resistance, current, and 
voltage is Ohm's law and may be expressed by the formula: 



R = 

V/I 

where 

R = 

resistance 


V = 

voltage 


I 

current. 


Equation 1.1 


It may be expressed in different terms, i.e., V = R x I, or I = V/R. The units of resistance are 
Ohms. One Ohm equals one volt divided by one amp. 

Power is the rate of energy flow per unit time and may be expressed as: 



P = 

VxQ/T 

where 

P = 

power 


Q = 

charge 


T = 

time. 


Equation 1.2 


This formula may also be expressed as P = V x I, or substituting I = V/R, P = VxV/R = 
V 2 /R. The unit of power is the watt, which represents one volt times one amp. 

An electrical circuit represents the flow of current along a path. Circuits are often rep¬ 
resented according to diagrams as in Figure 1.20. This simple circuit illustrates a battery as 
a direct constant voltage source, solid lines representing perfect conductors, a switch, and 
a resistor. In reality, all tissues provide some degree of resistance to flow of charge. In 
clinical electromyography, sources of resistance include the patient's body, the skin- 
surface electrode interface, the needle-muscle interface, the electrode wiring and the EMG 
unit itself. 

Using Ohm's law, V = I x R, one can calculate current flow from the positive to the 
negative terminal of the battery through the resistor (Figure 1.20). 
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V = IX R Equation 1.3 

or 

I = V/R 

I = lOv/lOQ 

1=1 amp 

A capacitor is a device in a circuit that can store charge. A capacitor may be conceptu¬ 
alized as two plates separated by a nonconducting insulator (Figure 1.21). In this circuit, 
current will flow and build up positive charge on one side of the capacitor. This accumu¬ 
lation of positive charge will attract negative charges on the other side of the capacitor. 
Thus, current flows on both sides of the capacitor without actual current flow across the 
capacitor's insulator. Current will cease flowing when the source of the voltage driving 
the accumulation of positive charges on one side of the plate is balanced by the repulsion 
of the like charges on the plate. The factors that determine the properties of the capacitor 
include the size and proximity of the plates and the effectiveness of the insulator. The 
larger and closer the plates, the greater the current flow. The ability of the capacitor to 
store charge is called capacitance (C). Capacitance equals the charge divided by the volt¬ 
age and is measured in units of farads. 

C = Q / V Equation 1.4 

One farad equals one coulomb divided by one volt. The current flow equals the capaci¬ 
tance times the change in voltage over time and may be represented by the equation: 

I = C X dV / dT Equation 1.5 

where dV/dT = change in voltage over time. 

When no change in voltage occurs over time, no current flows. The resistance to current 
flow due to the capacitor is capacitive reactance (Xc) and is measured in Ohms. Capacitors 
block direct current (DC) but pass alternating current (AC). The capacitive reactance to 
AC current is determined by the capacitance of the capacitor as well as the frequency of 
the current and may be expressed by the formula: 



Xc = 

1/2 Ti/C 

Equation 1.6 

where 

n 

3.14 



f = 

frequency of AC current 



C = 

capacitance. 



The capacitive reactance is not energy lost to heat but to potential energy from the 
charge on the capacitors. In clinical EMG, capacitance is an integral property of many 
components of the equipment and the tissues. Capacitance that may alter EMG signals 
may originate in the skin as well as in the electrodes used to record the EMG signals. 
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When current flows, a magnetic field is generated perpendicular to the flow. A con¬ 
ductor that may encircle a time-varying magnetic field can generate a voltage. The prop¬ 
erty of inducing voltage in a conductor is inductance (L) and may be expressed by the 
formula: 


V = L x dl / dT 


Equation 1.7 


The unit of inductance is a Henry (H). One volt is induced by an inductor with an induc¬ 
tance of 1 Henry with a change in current flow of 1 amp per second. The energy lost 
through inductance is inductive reactance (X L ) and is measured in Ohms. It may be repre¬ 
sented by the formula: 


where 


X L = 271/'L Equation 1.8 

it = 3.14 

f = frequency of AC current 

L = inductance. 


The energy lost in inductance is not lost in heat but stored in a magnetic field. 

Even complex systems composed of multiple voltage sources and resistors can be 
modeled by a system composed of a single voltage source and one resistor in series. With 
regard to circuits, Kirchoff's voltage and current laws are very useful. These laws state that 
all elements in parallel will have the same voltage potential across them and that all ele¬ 
ments in series will have the same current passing through them. These laws can be ap¬ 
plied to circuits with resistors or capacitors in series or in parallel. In the case of resistors in 
series, voltage is conserved and current is equal to all elements in series (Figure 1.22a). 
Thus, the effective overall resistance is equal to the summation of the individual resistors. 
When resistors are in parallel, voltage is conserved across each of the elements, but a cur¬ 
rent will be divided among the three resistors (Figure 1.22b). The exact opposite holds true 
for capacitors in series and in parallel (Figure 1.23 a, b). 

In a circuit with a resistor and capacitor in series (Figure 1.24a), the current flowing is 
a function of the capacitance as well as the change in voltage that occurs with time. Thus, 
time is an important feature of how the capacitor functions. When the circuit is completed 
at 1, electrons will flow to the right side of the capacitor plate and begin accumulating 
negative charge. Initially the voltage across the capacitor is very low, therefore most of the 
voltage is measured across the resistor. However, as more negative charge builds on the 
right side of the capacitor plate and positive charge builds on the left side of the capacitor 
plate, more of the voltage will be observed across the capacitor and less across the resistor, 
i.e., VC is initially very high and then gradually decays and approaches zero (Figure 
1.24b). The charging of the capacitor over time is an exponential function proportional to 
the capacitor's time constant. The time constant has been defined as the time for voltage 
across the resistor to fall approximately 37%, or conversely, the time for the capacitor to 
charge to 63%. These types of circuits are effectively filters because a capacitor resists flow 
in an inverse relation to the frequency of the current. 

AC circuits obey similar laws as DC circuits. AC sources typically refer to sinusoidal 
waveforms that have both amplitude and frequency. In addition, AC sources exhibit 
phase, an index of the time shift of the waveform, expressed in degrees in reference to the 
sine-wave of the current. When a sinusoidal AC current passes through a capacitor, the 
voltage across the capacitor is delayed in phase by 90°. 
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Impedance (Z) represents the combined effects of resistance, capacitive reactance and 
inductive reactance that occurs in AC circuits. Impedance, which is measured in Ohms, 
replaces R in the Ohm's law formula for AC circuits. 

V = IX Z Equation 1.9 


or 


Z = V/I 

In clinical EMG, the impedance of the recording electrodes may affect the recorded signal. 
For nerve conduction studies the impedance of the electrodes are relatively low, however, 
impedance at the needle electrode is high and can markedly attenuate the voltage re¬ 
corded. Increasing the input impedance at the amplifier permits more accurate 
unattenuated recording from the needle electrode tip. 

Filtering of electrical signals permits attenuation of frequencies that are not desirable 
and facilitates recording of those frequencies that are of interest. High pass filters allow 
high frequencies to move through a circuit unattenuated and low frequencies to be fil¬ 
tered. Low-pass filters permit low frequencies to travel through the circuit unattenuated 
and higher frequencies to be filtered. Filters may be constructed via a resistor and capaci¬ 
tor in series. The properties of the filter are dependent upon the frequency of the signal 
and the time constant of the capacitor. For low-frequency filters (high-pass filters), the out¬ 
put is taken across the resistor (Figure 1.24). An index of low frequency filtering is the cut¬ 
off frequency: 


F c = 1/2 Tit Equation 1.10 

where t = time constant. 

The low-frequency filters will attenuate 30% of the signal amplitude for inputs at the cut¬ 
off frequency. Low-frequency filtering results in a positive phase shift of voltage that is 
also frequency-dependent. At the cut-off frequency, this phase shift is 45° for a single-pole 
filter. 

For high-frequency filtering, the cut-off frequency may be calculated using this same 
formula. However, the output is across the capacitor instead of the resistor (Figure 
1.25a,b). High-frequency filters will attenuate 30% of the signal amplitude for inputs at the 
cut-off frequency. For high-frequency filtering, there is a negative phase shift of 45° at the 
cut-off frequency for a single-pole filter. Filters can be combined in a single circuit with 
low-pass and high-pass cut-off frequencies. These so-called band-pass filters permit fre¬ 
quencies between the two cut-offs to pass with minimal attenuation. The notch filter is 
simply a narrow band-pass filter designed to pass all frequencies except for a small band. 
In clinical EMG, notch filters are used to filter 50/60 Hz signals commonly generated from 
power line interference. 
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Figure 1.25 — A simple circuit with resistor and capacitor 
in series. 
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1.5 Equipment 

The basic components of the EMG unit consist of various recording and stimulating elec¬ 
trodes, preamplifiers, amplifiers, visual display, and audio speakers (Figure 1.26). In addi¬ 
tion, many units incorporate specialized components that assist in signal analysis 
including averagers and delay lines. Most modern EMG units incorporate a computer and 
analog-to-digital (A-D) converter. An assortment of software programs can be utilized for 
acquisition and analysis of the EMG signals. 

1.5.1 Electrodes 

Several types of electrodes are used in clinical EMG. It is important to remember that the 
electrical and physical properties of the electrode will have a large impact on the shape 
and size of the biologic signal that is recorded. Surface electrodes are usually small, circu¬ 
lar plates of platinum or silver, approximately 1 cm in diameter (Figure 1.27a). These are 
the most commonly-used electrodes for nerve conduction studies and are occasionally 
encased permanently in a plastic bar, typically 3 cm apart (Figure 1.27b). These electrodes 
may be affixed to the overlying skin to record electrical activity from the underlying nerve 
or muscle. When recording from sensory nerves in the fingers, a metallic ring electrode is 
often applied around the circumference of the finger (Figure 1.27c). Regardless of which 
surface electrodes are used, proper preparation of the skin in contact with the electrode is 
essential to minimize impedance and improve electrical recording. This is often accom¬ 
plished by cleansing the skin with alcohol and then applying the electrode to the overly¬ 
ing skin with a small amount of electrolyte cream or jelly, such as silver chloride cream. 
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Figure 1.26 — Schematic diagram of computer based 
EMG unit. 



Surface Needle 

electrodes electrode 


A variety of needle electrodes are used to record the electrical properties of muscle 
(Figure 1.28). The most common is the concentric needle electrode, which is constructed 
with a thin, metallic wire approximately 0.1 mm in diameter (Figure 1.28a). The wire is 
encased in an external canula of approximately 0.3 mm in diameter. The electrode records 
from the thin wire filament at the tip with the canula of the electrode serving as the refer¬ 
ence electrode. With proper application of the surface electrodes, impedance is relatively 
low. However, impedance can be high with needle electrodes (e.g., impedance is approxi¬ 
mately 50 KQ for the concentric needle electrode). 
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Figure 1.27 — Commonly used surface and ring 
electrodes for the nerve conduction studies: (a) surface 
disc electrodes, (b) bar electrode, (c) ring electrodes. 


(a) (b) 



Another commonly used needle electrode is the monopolar electrode, which is com¬ 
posed of a thin metal wire insulated by Teflon except at the recording surface at the very 
tip, where a distal 0.2 mm to 0.4 mm is exposed (Figure 1.28b). Unlike the concentric 
needle electrode, the monopolar electrode requires a second monopolar needle or a sur¬ 
face electrode adjacent to the skin as the reference electrode. Monopolar electrode imped¬ 
ance may range between 1.4 MQ to 6.6 KQ. Although monopolar electrodes are more 
comfortable and better tolerated by patients, they produce more electrical interference 
than the concentric needle electrode. In addition, the recording characteristics of the elec¬ 
trodes are different. Motor unit action potentials (MUAPs) recorded by monopolar elec- 
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trades are frequently larger than those recorded by the concentric needle electrode. The 
needle electrodes must be carefully sterilized after each use. Concerns regarding the effec¬ 
tiveness of standard sterilization procedures for slow virus disorders such as Creutzfeld- 
Jacob disease have led to the recommendation that needle electrodes be discarded after 
the examination of patients with dementia. However, the advent of inexpensive dispos¬ 
able monopolar and concentric needle electrodes obviates the concern regarding steriliza¬ 
tion. The use of such electrodes is highly recommended and is quickly becoming a 
standard practice. 

During any EMG measurement, whether it be NCSs or needle electromyography, 
three electrodes are attached to the patient: the recording electrode, the reference elec¬ 
trode, and a ground electrode. The recorded signal represents the voltage difference be¬ 
tween the recording and reference electrodes. The ground electrode serves as a 
low-impedance path to eliminate electrical noise as well as provide a path for current leak. 
A wide variety of designs and types of ground electrodes are used in clinical electromyo¬ 
graphy (Figure 1.29). The most popular ground electrodes consist of large, malleable 
metal plates that can be easily affixed to the limb under study (Figure 1.29b). Smaller 
ground electrodes can be attached to the face or head and neck with tape (Figure 1.29a). 
Ground electrodes are typically applied to the skin with electrolyte cream or jelly, but 
some electrodes are covered in a velcro cloth and immersed in saline solutions before ap¬ 
plication (Figure 1.29c). 


Figure 1.28 — Commonly used needle electrodes: 

(a) concentric unipolar electrode, (b) monopolar electrode, 
(c) single-fiber EMG electrode, (d) macro-EMG 
electrode. 


(a) 


(b) 


(c) 




(d) 
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1.5.2 Amplifiers 

The potentials recorded from the surface and needle electrodes are very small and require 
substantial amplification for measurement. In most EMG units, amplification begins at a 
preamplifier, which must have a large dynamic range to accommodate a wide variety of 
frequencies without filtering, a low noise level so that additional electrical noise is not in¬ 
troduced into the signal prior to its amplification, and a high input impedance so that elec¬ 
trical signals recorded from electrodes with relatively high impedance are not attenuated. 

Electromyographic amplifiers are differential amplifiers, that is, they amplify the volt¬ 
age difference between the recording and reference electrodes. Inherent in differential 
amplification is the concept of common mode rejection. Electrical noise or signals from 
distant sources not of clinical or biologic relevance may be recorded by both the recording 
and reference electrodes simultaneously, particularly if both electrodes are in close prox¬ 
imity. Because the differential amplifier will only amplify the difference between the re¬ 
cording and reference electrodes, the common mode electrical signals to both electrodes 
will not be amplified. However, because electrical systems are not perfect, some failure 
will occur in the amplifier to reject the common voltage at both recording and reference 
electrodes. The ability of the differential amplifier to reject the common mode may be ex¬ 
pressed as the common mode rejection ratio, indicating the efficiency of the amplifier to 
amplify the difference between two electrodes more than the common voltage at both 
electrodes. The common mode rejection ratio for EMG equipment should be greater than 
100,000. That is, the differential amplifier should amplify the voltage difference between 
the recording and reference electrodes 100,000 times more than the common voltage at 
both electrodes. 

Another important feature of amplifiers is a high input impedance. For AC sources, 
voltage is equal to current times impedance. Thus, the input impedance of an amplifier 
will determine how much current is required to produce a certain voltage response. In the 
case of a concentric needle electrode recording in muscle, the amount of current flowing to 
the amplifier will be governed by the total impedance at the electrode and the amplifier 
input. If the electrode impedance is high, then a considerable amount of voltage will be 
attenuated at the electrodes and not be available for amplification at the amplifier input. If 
input impedance at the amplifier is the same as that at the electrode, then 50% of the volt¬ 
age will be attenuated. On the other hand, if the input impedance at the amplifier is 99 
times greater than at the electrode, then 99% of the voltage will be available for amplifica¬ 
tion at the amplifier inputs. Thus, it is important for amplifiers and preamplifiers to have 
very high input impedance. The input impedance of many amplifiers in clinical EMG 
ranges from 10-100 megohms. 

1.5.3 Filters 

Filters are used with EMG amplifiers to attenuate interference from electrical noise or 
from biological signals that may interfere with the recording of the biological signals of 
interest. Standard filters are composed of circuits with a resistor and a capacitor in series. 
These circuits permit attenuation of frequencies above or below certain values. Filters are 
often regarded as high-pass (low-frequency filters) or low-pass (high-frequency filters). A 
high-pass or low-frequency filter permits high frequencies to be amplified without attenu¬ 
ation but filters and attenuates lower frequencies. The low-pass or high-frequency filter 
does just the opposite. The cut-off frequency of a particular filter indicates the frequency at 
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which the signal amplitude is attenuated to approximately 70% of its original amplitude. 
Thus, a high-pass or low-frequency filter with a cut-off frequency of 2 Hz will attenuate sig¬ 
nal amplitude of frequencies of 2 Hz and less by 30% or more. A low-pass or high-frequency 
filter with a cut-off frequency of 1000 Hz will attenuate frequencies of 1000 Hz and above by 
30% or more. Commonly used filter settings for clinical EMG are shown in Table 1.1. 


Table 1.1 - Typical Filter Settings 



Low Frequency 

High Frequency 

Sensory NCS 

20 Hz 

2 KHz 

Motor NCS 

2 Hz 

10 KHz 

Needle examination 

20 Hz 

10 KHz 


1.5.4 Output 

Once the biological signal is recorded at the electrodes and amplified and filtered by the 
amplifier and preamplifier, it is then displayed visually and the audio components of the 
signal play through a loud speaker. Traditionally, EMG units utilize cathode ray oscillo¬ 
scopes to provide a real-time visual display. Gain settings and sweep speed settings are 
adjusted to ensure proper display of the signal. Storage scopes are often utilized to freeze 
an individual sweep, and are particularly useful for NCSs. Analysis of the waveforms can 
be achieved directly from the oscilloscope screen or a photographic device can produce a 
hard copy. In recent years, EMG equipment has utilized personal computer operating sys¬ 
tems with digitized waveforms and video screen displays. Computer programs have en¬ 
abled automatic analysis of many nerve conduction measurements including distal or 
terminal latencies, amplitude and area at the waveforms, and conduction velocity. For the 
NEE, programs enable storage of MUAPs and automatic analysis of amplitude, phasicity, 
and duration. 

For the NEE, the audio signals often help in interpreting MUAPs and other types of 
electrical activity. The experienced electromyographer can easily identify the acoustic 
properties of these potentials. 

1.5.5 Stimulators 

All EMG units have stimulators to directly stimulate peripheral nerves in the course of 
NCSs. Generally, stimulators provide square-wave currents ranging in duration from 
50 (isec to 1000 psec and amplitudes up to 500 volts. These stimulators can produce cur¬ 
rents of up to 100 mA. Some stimulators provide stimulation via constant voltage. Adjust¬ 
ing the level of voltage results in varying stimulating currents, while constant-current 
stimulators provide a more consistent stimulus current. Typically, the stimulator output 
simultaneously triggers the sweep of the visual display, although most units have the ca- 
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pability of delaying the sweep, thus permitting full visualization of the shock artifact that 
occurs at the onset of stimulation. The stimulators used in EMG equipment are isolated 
from the amplifier and recording electrodes to minimize artifact and to provide for more 
discrete focal stimulation. The stimulating electrode is composed of a cathode and anode. 
A typical hand-held bipolar prong stimulator comprises two metal shafts with rounded 
and gently pointed surfaces encased 3 cm apart in a plastic holder (Figure 1.30a). Other 
types of stimulating electrodes can include needles and surface disk electrodes (Figure 
1.30b). Electrical stimulation occurs beneath the cathode. 


Figure 1.30 — Various types of stimulating electrodes: 

(a) hand-held bipolar prong stimulator, (b) bar stimulator. 

(a) (b) 



1.5.6 Averaging 

When tire amplitude of a response recorded in the NCSs is very small, particularly in sen¬ 
sory NCSs, averaging may be ut ili zed to help define the response. Traditional EMG units 
are often equipped with analog averagers, but later generation computer-based EMG 
units use special computer programs to average digitized signals. The principle of averag¬ 
ing is to accumulate numerous responses during successive stimulations and recordings. 
These responses are summated in such a way to reinforce the deflections that occur with 
each stimulation due to the biological signal and to eliminate the random variable deflec¬ 
tions that are caused by the electrical noise and shock artifact. 
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1.6 


Electrical Safety 

Although standard clinical EMG examinations are performed routinely and safely, electri¬ 
cal injury is possible. Electrical hazard is primarily due to unintended current traveling 
through the body. Although the threshold for pain from shock in intact skin is approxi¬ 
mately 1 mA derived from 120 volts alternating current for 1 second, as little as 50 pA in a 
patient with a central line or cardiac catheter can cause fatal ventricular fibrillation. The 
most important sources of electrical hazard are those related to leakage current and loss of 
ground. Leakage currents can arise from either stray capacitance or stray inductance. 
Stray capacitance may occur in a power cord during current flow, which induces capaci¬ 
tive currents in the neutral and ground wires. If improper grounding occurs, these capaci¬ 
tive currents may travel through the patient to another source of ground and induce 
electrical injury. It is unsafe to use extension cords with EMG units because they may in¬ 
crease capacitive currents. Stray inductance is of less magnitude but can also create leak¬ 
age currents. Current flowing in power cables and in EMG equipment can induce 
magnetic fields that can produce current flow in other conducting structures, which may 
be in contact with the patient. Again, if grounding is not adequate, current flow may then 
find another source of ground through the patient and induce electrical injury. Elec¬ 
tromyographic units should be inspected on a regular basis — at least yearly — to assess 
for leakage current. Maximum leakage currents allowed for patients having casual contact 
with a medical device is approximately 500 pA, but for EMG equipment where patients 
have direct contact, leakage should be no more than 100 pA. For high-risk patients, such 
as neonates or patients who have in-dwelling catheters that could steer lethal leakage cur¬ 
rents directly to the heart, recommendations are that leakage be less than 10 pA. Table 1.2 
lists the risk current requirements for clinical patient care electrical devices established by 
the American National Standards Institute/Association for the Advancement of Medical 
Instrumentation standard (ANSI/AAMI). 


Table 1.2 - Risk Current Requirements 


Patient Risk Current 

Chassis Source Current 

Category of electromedical 
apparatus 

All Apparatus 

Cord-connected 

Apparatus 

Permanently 

Connected 

Apparatus 


Source 

Current 

Sink 

Current 

Ground 

Open 

Ground 

Intact 

Ground 

Open 

Ground 

Intact 

With isolated patient 
connection 

10 pA 

10* pA 

100 pA 

100 pA 

5000 pA 

100 pA 

With nonisolated patient 
connection 

50 pA 

NA 

100 pA 

100 pA 

5000 pA 

100 pA 

Likely to contact patient 

NA 

NA 

100 pA 

100 pA 

5000 pA 

100 pA 

No patient contact 

NA 

NA 

500 pA 

100 pA 

5000 pA 

100 pA 


"The allowed sink risk current is 20 pA RMS for isolated electromedical apparatus with patient cables when measured at the 
patient end of the cable (see paragraph 4.4 of the ANSI/AAMI standard). NA=Not applicable. 
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Electrical hazards may also be the product of improper grounding. With proper 
grounding, leakage current will be shunted immediately to the ground contact. The EMG 
unit, like all medical equipment, should only be used with a three-pronged outlet. This 
will permit leakage current to travel to the earth ground and not through the patient. 

In patient care areas it is not uncommon for patients to be connected to or touching 
many other electrical devices. This creates a problem if the grounds are not identical in all 
the outlets used. As little as 50 mV difference between grounds could cause hazardous 
current to flow between grounds and through the patient. Thus, wiring in patient areas 
should conform to the concept of an equal potential ground bus, such that all the recepta¬ 
cles in the patient rooms have a common ground point. In intensive care units where mul¬ 
tiple electrical devices are the norm, isolation jack boxes are typically employed. In the 
EMG laboratory, the use of a grounding bar to which all power cables may be connected 
to common ground provides protection against the double-grounding hazard. 

1.7 Nerve Conduction Studies 

Nerve conduction studies are one of the two basic components of the electrodiagnostic 
examination, the other being the NEE. The landmark article for modern day NCS gen¬ 
erally is considered that written by Hodes, Larrabee, and German, published in 1948. The 
authors described performing various motor NCS on a number of persons with remote 
peripheral nerve injuries (presumably sustained during World War II). Although initially 
used as a research tool, NCS were reported for their clinical value as early as 1956. As time 
passed, it became increasingly apparent that NCS could be of immense help in assessing 
patients with both focal and generalized nerve disorders, as well as those with disorders 
of the neuromuscular junction. 

Three basic types of NCS are in use: motor, sensory, and mixed. All three types assess 
only the large myelinated nerve fibers. During NCS, a peripheral (or cranial) nerve is 
stimulated by electricity, at one or more points along its course. The resulting volley of 
nerve action potentials set up in the individual nerve fibers under the cathode of the 
stimulator is recorded directly at some more proximal or distal point along the nerve 
(with sensory NCS and mixed NCS), or, indirectly via the near synchronous muscle action 
potentials they generate (with motor NCS). 

Both surface and needle electrodes can be used for stimulating and/or recording. In 
North America, surface electrodes most often are employed for this purpose. In contrast, 
needle electrodes usually are preferred in Europe. One of the reasons cited for using 
needle recording electrodes is that the onset of the responses is sometimes better defined 
than when surface electrodes are used, permitting the conduction rates to be determined 
with slightly greater exactitude. Electromyographers who prefer surface recording elec¬ 
trodes counter this argument by pointing out that, with needle recording electrodes, the 
amplitudes of the responses merely reflect the activity being generated near the needle 
tips because of the very limited pick-up range of the needle electrodes. In contrast, with 
surface recording electrodes the amplitudes of the responses are semiquantitative mea¬ 
sures of the total number of nerve fibers responding to the stimulus. Often, this is the only 
important component of NCS. Also, if surface electrodes are used, NCS are a noninvasive 
procedure and consequently can be performed by non-physicians. 

Performing NCS is a deceptively simple task. The particular nerve to be studied is se¬ 
lected and, if it contains both motor and sensory fibers, the type of study to be performed 
— motor, sensory, or mixed — is determined. The recording surfaces of the recording 
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Figure 1.31 — The set-up for a median motor NCS. 



electrodes are coated lightly with electrode paste and then affixed to the skin at the appro¬ 
priate sites with adhesive tape. For motor NCS, the active recording electrode is situated 
over the motor point of a muscle innervated by the nerve being assessed, so that the initia¬ 
tion of the muscle action potentials can be recorded (Figure 1.31). The reference recording 
electrode is secured to the skin at a point distal to the active recording electrode, usually 3 
to 4 cm distal, overlying the tendon of the recorded muscle. For sensory and mixed NCS, 
the recording electrode is secured over the nerve being studied at some site proximal or 
distal to the point at which it will be stimulated. The reference recording electrode is then 
placed along the course of the nerve in such a manner that the active recording electrode is 
interposed between it and the stimulating electrode. Sensory and mixed NCS most often 
are performed with a fixed, measured distance between the cathode stimulating electrode 
and the active recording electrode. For many of these studies, the distance between the 
active and reference recording electrodes is standardized as well. After the recording elec¬ 
trodes have been secured, a ground electrode is affixed to the limb, usually between the 
stimulating and recording electrodes, to reduce shock artifact (i.e., to prevent the response 
from being obscured by the electricity produced by the stimulus). The nerve is then stimu¬ 
lated, either by surface-stimulating electrodes affixed to the skin or by a bipolar prong sur¬ 
face stimulating electrode, with the cathode pushed firmly into the skin immediately 
overlying the nerve to be studied. In either case, the anode is situated either over or away 
from the nerve, but always behind the cathode (i.e., at a greater distance from the active 
recording electrode than the cathode). The nerve is then stimulated with a series of single 
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Figure 1.32 — Development of a compound muscle 
action potential (in this case, a median motor response) 
as the stimulus intensity is increased. 



impulses. The stimulus strength is set at a low level initially and then progressively in¬ 
creased between each successive stimulation. Eventually a point is reached at which some 
of the large myelinated nerve fibers, possessing the lowest thresholds, are activated and a 
response begins to appear on the cathode ray oscilloscope screen. The response increases 
in size as the stimulus strength is raised until it remains stable, even though the stimulus 
power is enlarged further. This is referred to as a supramaximal response, although the 
term is a misnomer since it is the stimulus, not the response, which is supramaximal; obvi¬ 
ously, the response cannot be greater than maximal (Figure 1.32). All the fibers that re¬ 
spond to the nerve stimulation will have now done so. For motor NCS, the recorded 
response is the CMAP; for sensory NCS, the sensory nerve action potential (SNAP); and 
for mixed NCS, the mixed nerve action potential (MNAP). 
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Figure 1.33 — The various components of the motor and 
sensory nerve conduction response (in this instance, the 
median motor response, recording thenar muscles, and 
the median sensory response, recording index finger). 
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Figure 1.34 — Method used for calculating a conduction 
velocity along a segment of nerve (in this case, the 
forearm portion of the median motor nerve). 
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Several components of the evoked response are recorded, but only two, the distal am¬ 
plitude and the distal/peak latency, are routinely reported. Of the remainder, the proxi¬ 
mal latency is used to calculate conduction velocity (CV), which is always reported, while 
others, such as proximal amplitude and durations of the responses, are mentioned only if 
abnormal. 

The amplitude is the height of the response, measured from the tip of its negative 
peak to either the baseline or to the tip of its positive nadir. It is expressed in millivolts 
(mV) for motor NCS and in microvolts (pV) for sensory and mixed NCS. An amplitude is 
obtained whenever a nerve is stimulated, so if the nerve is stimulated at two points, then 
both a distal amplitude and a proximal amplitude are recorded (Figure 1.33). 

The latency of the response is the elapsed time in milliseconds (ms) between the in¬ 
stant the stimulus was applied, measured from the shock artifact (which interrupts the 
baseline seen on the cathode ray oscilloscope screen) to either the onset or to the negative 
peak of the evoked response. For all motor NCS and for many sensory NCS, the rate of 
conduction along the fastest conducting terminal nerve fibers is determined by measuring 
the elapsed time between stimulus application at the most distal stimulation site (i.e., the 
one closest to the recording site) and the onset of the response. This is reported as a distal 
latency. However, with many sensory NCS the onset of the response is somewhat difficult 
to determine accurately, and for that reason a peak latency, rather than a distal latency, is 
determined. In these instances, the elapsed time, in ms, between the stimulus application 
and the negative peak of the response is determined. Obviously, the conduction rate for 
the majority of the conducting fibers is being determined here, rather than for the fastest 
conducting ones (Figure 1.33). If the motor or sensory nerve is stimulated at two points, 
then a proximal latency is also determined. This is only rarely reported, however. Instead, 
it is used to calculate a CV by determining the distance in centimeters between the distal 
and proximal stimulation points, from cathode to cathode (measuring on the surface with 
a tape measure or calipers), and then by dividing that distance by the difference in ms be¬ 
tween the distal and proximal latencies. The resulting CV is reported in meters per second 
(m/sec) (Figure 1.34). 

At first glance, it may seem unnecessarily complicated to report the rate of conduction 
along the distal segment of the nerve as a distal/peak latency, in ms, while reporting the 
rate of conduction along some segment of nerve proximal to the distal stimulation point as 
a CV, in m/sec. However, there are two important reasons for doing so. First, converting 
the speed of conduction between two anatomical points, e.g., between the elbow and wrist, 
into a CV allows the conduction rate of one nerve to be directly compared to that of an¬ 
other, regardless of the exact distance over which they are being determined. Thus, the CV 
along the forearm segment of the median and ulnar nerves of a professional basketball 
player and a young child can be directly compared with one another, even though they 
were calculated along forearms of markedly dissimilar length. This would be impossible if 
only proximal latencies were used, unless a series of normal values, in ms, were obtained 
for each separate arm length, and for each decade of life, a very tedious task. Second, the 
distal/peak latencies obtained along the terminal segment of a nerve, when converted to 
CVs (by dividing the distance between the cathode and the active recording electrode by 
the distal/peak latency), are always slower than the CVs obtained along the more proxi¬ 
mal segments of the same nerve. One reason for this is that distal nerve fibers are narrower 
and their myelin is thinner; therefore they conduct at a slower rate. Also, for motor nerves, 
some of the distal latency is consumed by the time required for neuromuscular transmis¬ 
sion and for muscle fiber activation. 
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The duration of the response, in ms, is always assessed, although generally it is not 
reported unless it is abnormally prolonged, yielding a dispersed response. Also, most of 
the current EMG machines determine the area of the response as well, which is actually a 
better indicator of the number of nerve fibers responding to the stimulus than the ampli¬ 
tude alone (Figure 1.33). 

In summary, for sensory NCS, the nerve is usually stimulated at only one point — the 
distal site. Consequently, only a distal amplitude and a distal, or peak, latency are re¬ 
ported. For motor NCS, and occasionally for a sensory NCS, the nerve is stimulated at two 
(and sometimes more) points along its course, so that both a distal and proximal ampli¬ 
tude and a distal and proximal latency are obtained. Characteristically, the two latency 
measurements are then used to calculate a CV. For mixed NCS, the nerve is usually stimu¬ 
lated at just one point while recording at a more proximal point (see discussion below). 

Of the various components obtained on motor NCS, those most consistently reported 
are the distal amplitude, the proximal amplitude (if it is significantly different from the 
distal one), the distal latency, and the CV if it is calculated. The durations of abnormal re¬ 
sponses are reported as well. 


1.7.1 Motor Nerve Conduction Studies 

Motor NCS were the first to be performed, in part because of technical considerations. 
Unlike sensory and mixed NCS, motor NCS are indirect studies in that the measured end¬ 
point of motor nerve stimulation is a CMAP rather than a nerve action potential. Each 
nerve fiber controls a variable number of muscle fibers, ranging in the limbs from approxi¬ 
mately 350 muscle fibers in the intrinsic muscles of the hand to over 1900 in some of the 
large leg muscles such as the gastrocnemii. Consequently, the activation of a single nerve 
fiber results in the near simultaneous activation of many muscle fibers. It is this magnifica¬ 
tion effect that causes CMAPs to be measured in mV while SNAPs and MNAPs are mea¬ 
sured in |TV. It also explains why, in the early days of electrodiagnosis, motor NCS were 
developed and used before sensory NCS — they are much larger responses and therefore 
require less sophisticated equipment. 

To perform motor NCS, one of the muscles the nerve innervates must be accessible, as 
well as the nerve itself at one point. If a CV is desired, the nerve must be accessible to ex¬ 
ternal stimulation at two or more points along its course. Peripheral nerves generally are 
more superficial, and therefore more accessible, at the joints. For this reason, the standard 
upper extremity NCS, the median and ulnar NCS, are performed by recording over intrin¬ 
sic hand muscles (the lateral thenar eminence muscles and the hypothenar eminence 
muscles, respectively), while stimulating the appropriate nerve at the elbow to obtain the 
proximal amplitude and latency, and at the wrist to obtain the distal amplitude and la¬ 
tency. Similarly, the standard lower extremity NCS, the peroneal and posterior tibial NCS, 
are performed by recording from intrinsic foot muscles (extensor digitorum brevis and 
abductor hallucis, respectively), while stimulating the appropriate nerve at the ankle and 
behind the knee, in the popliteal fossa (Figure 1.35). 





vated muscle on the thumb side of the hand (e.g., the first interosseous) or from 
ulnar-innervated forearm muscles. Also, radial motor NCS can be performed when re¬ 
cording from various extensor forearm muscles. Musculocutaneous and axillary motor 
NCS can be performed while recording from the biceps and deltoid muscles, respectively, 
above the elbow. Moreover, for most of these upper extremity motor NCS, the nerves can 
also be stimulated more proximally, e.g., in the axilla, and above the clavicle. Most ulnar 
nerve lesions occur at the elbow. Consequently, during ulnar motor NCS, the nerve can 
also be stimulated immediately below the elbow to better evaluate conduction along the 
abnormal segment. 

For the lower extremity motor NCS, peroneal recordings can also be made from the 
tibialis anterior muscle, on the anterior surface of the leg, midway between the ankle and 
knee. Tibial recordings also can be obtained from the gastrocnemius/soleus muscles on 
the posterior surface of the leg (the latter is routinely recorded as a component of the Id- 
response, one of the late responses to be discussed). In addition, femoral motor NCS can 
be performed by stimulating the femoral nerve at the inguinal ligament, while recording 
over the quadricep muscle on the front of the thigh. 

1.7.2 Sensory Nerve Conduction Studies 

Sensory NCS are direct studies in that their end-point is a SNAP recorded at some more 
proximal or distal site from the point of generation. Because these responses are only a 
fraction of the size of a CMAP, the sensory NCS, although first introduced clinically in 
1958, did not become standard in many EMG laboratories until the 1970s, after the sensi¬ 
tivity of the EMG equipment had increased significantly. 

Sensory NCS are performed: (1) by stimulating and recording from a pure sensory 
nerve; (2) by stimulating a mixed nerve while recording from a sensory nerve derived 
from it (antidromic technique); or, (3) by stimulating the distal sensory fibers of a mixed 
nerve while recording from the fibers more proximally, where they are a component of a 
mixed nerve (orthodromic technique). 
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Standard upper extremity sensory NCS are the median and ulnar studies. These two 
sensory NCS can be performed both orthodromically and antidromically. With 
orthodromic conduction, the median SNAP is obtained by stimulating the digital nerves 
of the index finger (or, less often, other median-innervated fingers) with ring electrodes 
while recording over the (mixed) median nerve at the wrist. The ulnar SNAP is obtained 
orthodromically by stimulating the digital nerves of the little finger while recording over 
the (mixed) ulnar nerve at the wrist. Both of these studies often are performed antidromi¬ 
cally by reversing the sites for stimulating and recording. Although sensory nerves ordi¬ 
narily do not conduct nerve impulses centrifugally, the nerve fibers themselves are very 
similar to electrical cable and conduct freely in either direction. Moreover, there are sev¬ 
eral technical reasons why antidromic sensory NCS are more helpful than orthodromic 
ones, including the fact that they are less painful and their responses are of higher ampli¬ 
tude due to less intervening tissue between the nerve fibers and the recording electrodes. 
A number of other upper extremity sensory NCS can be performed, including a radial 
sensory NCS, recording the base of the thumb, and various NCS to assess the forearm sen¬ 
sory nerves (lateral, medial, and posterior antebrachial cutaneous NCS). 

A standard lower extremity sensory NCS is the sural, which is obtained by recording 
over the sural nerve as it winds around the lateral malleolus, while stimulating it more 
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sensory nerve and the saphenous nerve, derived from the common peroneal and femoral 


nerves, respectively, can be assessed. 


Figure 1.36 — The sural NCS, the standard lower extremity 
sensory nerve conduction study. 
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One of the major advantages of sensory NCS is that their responses are more sensitive 
than the motor NCS responses with many abnormalities of the PNS; i.e., they become ab¬ 
normal when the degree of nerve fiber injury is such that the motor NCS are still within 
the normal range. 

A major disadvantage of sensory NCS is that, for various reasons, they are far more 
sensitive to advanced age, minor trauma, and a host of other factors, than motor NCS. 
Thus, the lower extremity sensory responses often are unelicitable bilaterally in many nor¬ 
mal persons over the age of 60 years. Similarly, in patients who have undergone vein 
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stripping or who are markedly obese, the sensory NCS responses may be unelicitable for 
technical reasons. 

1.7.3 Mixed Nerve Conduction Studies 

These studies are performed by stimulating a mixed nerve at one point along its course 
while recording from it at some other point. The resulting MNAP is due to activation of 
both the motor and sensory fibers of the nerve. The particular contribution from each type 
of fiber varies from one nerve to another. To avoid overwhelming electrical artifact from 
muscle activation, mixed NCS characteristically are performed by stimulating distally 
while recording more proximally; e.g., stimulating the median nerve at the wrist while 
recording over it at the elbow. For this reason, mixed NCS often are difficult to perform on 
large, obese patients because of the amount of intervening tissue between the nerve and 
the surface recording electrodes at the recording site. Electromyographic laboratories per¬ 
form relatively few mixed NCS. Those done with some regularity assess the terminal 
nerve fibers in the feet (plantar NCS) (Figure 1.37). 


Figure 1.37 — Plantar nerve conduction studies. 



Lateral plantar 




1.7.4 Normal Values 

To be meaningful, the results of NCS — motor, sensory, and mixed — must be compared to 
some normal values. Ideally, each laboratory will obtain its own normal values for each 
NCS procedure. These must be age-related as well, because conduction rates are quite slow 
in infants and young children, while amplitudes and conduction rates in adults decrease 
with age. At the Cleveland Clinic EMG laboratory, for example, a series of normal values 
for all NCS exist based on each decade of life (Table 1.3). Nonetheless, the most sensitive 
normal value for a particular NCS usually is obtained by performing the same NCS on the 
corresponding nerve in the contralateral limb (assuming it is normal). A decrease of more 
than 50% in amplitude on the affected side is considered abnormal, even if it is within nor¬ 
mal limits compared to laboratory values. 

Table 1.3 - Nerve Conduction Study Values 


NERVE 

4-9 

Years 

10-29 

Years 

30-49 

Years 

AMP. 

P.L./D.L. 

C.V. 

AMP. 

P.L./D.L. 

C.V. 

AMP. 

P.L./D.L. 

C.V. 

Median (sensory) 

>20 

<3.2 

>51 

>20 

<3.3 

>51 

>20 

<3.4 

>50 

Ulnar (sensory) 

>18 

<2.9 

>51 

i 

>18 

<3.0 

>51 

>12 

<3.1 

>50 

Radial (sensory) 

>18 

<2.6 


>18 

<2.7 


>18 

<2.7 


Median (APB) 

> 6 

<3.6 

>51 

> 6 

<3.9 

>51 

>6 

<4.0 

>50 

Median-palmer (mx) 

>10 

<2.2 


>10 

<2.2 


>10 

<2.2 


Ulnar-palmer (mx) 

>5 

i 

<2.2 


>5 

<2.2 


>5 

<2.2 


Sural (s) 

> 6 

i 

<4.3 

1 

>41 

>6 

<4.4 

>41 

1 

>5 

<4.5 

l 


Superfic. Pero (s) 

>6 

<4.3 


>6 

<4.4 


>5 

<4.5 


Peroneal (EDB) 

>3 

<5.5 

>41 

>3 

<5.5 

>41 

>3 

<5.5 

>40 

Post. Tibial (AH) 

>8 

<5.8 

>41 

>8 

<5.8 

>41 

>8 

<6.0 

>40 

H-reflex (M-resp) 

>8 

<7.0 


>8 

<7.0 


>8 

<7.0 


H-reflex (H-ref) 

>1 

<35.0 


>1 

<35.0 


>1 

<35.0 



Amp=(iV for sensory and mixed 
Amp=mV for motor 
DL=motor NCS 
PL=sensory NCS 
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Table 1.3, continued - Nerve Conduction Study Values 


NERVE 

50-59 

Years 

60+ 

Years 

AMP. 

P.L./D.L. 

C.V. 

AMP. 

P.L./D.L. 

C.V. 

Median (sensory) 

>15 

<3.6 

>50 

>10 

<3.8 

>50 

Ulnar (sensory) 

>10 

<3.1 

>50 

>5 

<3.2 

>50 

Radial (sensory) 

>14 

<2.7 


>10 

<2.8 


Median (APB) 

>6 

<4.0 

>50 

>5 

<4.0 

>50 

Median-palmer (mx) 

>10 

<2.2 


>10 

<2.2 


Ulnar-palmer (mx) 

>5 

<2.2 


>5 

<2.2 


Sural (s) 

>4 

<4.6 

>40 

>3 

<4.6 

>40 

Superfic. Pero (s) 

>4 

<4.6 


>3 

<4.6 


Peroneal (EDB) 

>2.5 

<6.0 

>40 

>2.5 

<6.0 

>40 

Post. Tibial (AH) 

>4 

<6.0 

>40 

>4 

<6.0 

>40 

H-reflex (M-resp) 

> 6 

<7.5 


>6 

<7.5 


H-reflex (H-ref) 

>1 

<35.0 


>1 

<35.0 



1.7.5 Special Studies 

In addition to basic NCS and NEE, a number of other procedures also are performed in 
the EMG laboratory. These can be grouped under the nonspecific title. Special Studies. 
Most are variations of NCS, and include the late responses (F-waves and H-responses), re¬ 
petitive stimulation studies, blink reflexes, and single-fiber EMG studies, among others. 
Most have relatively limited application compared to the two basic components of the 
electrodiagnostic examination. Only the late responses and the blink reflex will be dis¬ 
cussed in this section. 

1.7.6 Late Responses 

Late responses consist of two separate procedures, H-responses and F-waves, which are 
somewhat similar in that nerve impulses travel up to the spinal cord and back before the 
muscle action potentials they induce are recorded. However, major differences exist be¬ 
tween the two. 
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1.7.6.1 H-Responses 

H-responses can be consistently elicited in normal adults only by stimulating the tibial 
nerve in the popliteal fossa while recording from the gastrocnemius/soleus group of 
muscles (i.e., the calf muscles), which are innervated by the tibial nerve. When the nerve is 
stimulated in the popliteal fossa with the cathode pointed towards the trunk (rather than 
the reverse, which is done during standard NCS), nerve impulses are first initiated in the 
large sensory fibers at the stimulation site because they have the lowest threshold. The 
sensory nerve impulses that travel distally go undetected, because the NCS set-up is not 
designed to record them. However, those sensory nerve impulses that travel centripetally 
along the sensory fibers reach the SI segment of the spinal cord where they are passed on 
to SI motor fibers. The impulses subsequently travel back down the SI /tibial motor fibers 
to activate a few of the muscle fibers in the gastrocnemius/soleus muscles. This activation 
is recorded as the initial H-response. As the stimulus is increased, more and more of the 
sensory fibers are activated and the resulting H-response increases in amplitude. Eventu¬ 
ally, however, a point is reached at which the motor nerve fibers at the stimulation site are 
activated directly by the stimulus. Consequently, two responses begin to appear on the 
screen: one of short latency (approximately 10 ms) known as the M-response or direct 
muscle response due to the motor nerve activation, and one of much longer latency (ap¬ 
proximately 30 ms) representing the H-response. As the power is increased further, the 
M-response continues to grow, while the H-response dwindles because those nerve im¬ 
pulses passing orthodromically along the sensory fibers and those traveling antidrom- 
ically along the motor fibers begin to collide with one another at some proximal point. 
Since nerve impulses leave an absolute refractory period in their wake, both nerve im¬ 
pulses are stopped at the collision site (Figure 1.38). An H-response is, thus, a 
submaximally-activated reflex response analogous to the ankle jerk that is elicited by tap¬ 
ping the Achilles tendon with a reflex hammer. For practical purposes, H-responses are of 
major value only in detecting generalized polyneuropathies and lumbosacral radiculop¬ 
athies involving the SI roots. 


1.7.6.2 F-Waves 

F-waves, in contrast to H-responses, can be elicited from any motor nerve in either the 
upper or lower extremity. With supramaximal stimulation of a motor nerve, the resulting 
action potentials travel bidirectionally. Those passing distally along the nerve produce a 
CMAP, or M-response, a few ms later. Those traveling proximally along the motor nerve 
fibers sometimes reach the motor nerve cell bodies in the spinal cord when they are in 
such a state that they backfire, producing another motor action potential, called a recur¬ 
rent discharge, which then travels centrifugally down to the muscle. The small motor re¬ 
sponse evoked by the latter, at 20 to 50 ms after stimulation (depending upon the nerve 
studied and the recording site), is referred to as an F-wave. F-waves are not reflexes be¬ 
cause only motor nerve fibers are involved. Moreover, only about 10% of supramaximal 
stimulations evoke an F-wave, and subsequent F-waves usually are not due to activation 
of the same fibers. Hence, the F-wave, unlike the H-response, typically consists of a series 
of small potentials, dispersed somewhat in time. 

Theoretically, F-waves should be of real benefit in that they permit NCS assessment of 
the very proximal segments of the motor nerves. Nonetheless, for a variety of reasons, 
most electromyographers have found F-waves to be of quite limited value. They are 
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usually normal or redundant, if abnormal, in that some other component of the standard 
electrodiagnostic examination will have already provided all the information needed. 

1.7.7 Blink Responses 

Blink responses are action potentials recorded from a small facial muscle, the orbicularis 
oculi, that surrounds the eye orbit. This muscle is innervated by the facial motor nerve, or 
the 7th cranial nerve. These facial muscle action potentials result from stimulation of the 
supraorbital nerve, one of the sensory nerves derived from the trigeminal nerve, or the 5th 
cranial nerve, that supplies sensation to the skin above the orbit. 

After stimulating one supraorbital nerve, the R1 / direct response is recorded about 10 
ms later on the same side of the face. Subsequently, about 30 ms after the stimulation the 
R2/indirect responses are recorded simultaneously on both sides of the face (Figure 1.39). 

Blink responses are reflex studies. The impulses are transmitted to the brain stem by 
the trigeminal nerve (from which the supraorbital nerve is derived), make connections 
within the brain stem, and then pass peripherally in the facial nerve to the orbicularis oculi 
muscles. 

Although blink responses are used somewhat differently by various investigators, 
they most consistently are performed to assess the 5th and the 7th cranial nerves. They are 
abnormal, for example, with unilateral facial paralysis, such as Bell's palsy. 

1.7.8 Pitfalls in Performance of Nerve 
Conduction Studies 

As noted earlier, performing NCS is deceptively simple. What seems to be an easy task is 
actually fraught with a myriad of problems and potential errors — anatomical, technical, 
procedural, and interpretive — that can readily thwart attempts to perform accurate, re¬ 
producible and, therefore, reliable NCS. Obviously, only the latter are of clinical value. 
Some of the major sources of error are: 

■ Nerve anomalies. An appreciable number of persons have nerve anomalies in both 
the upper and lower extremities (median to ulnar nerve communications in the fore¬ 
arm; accessory peroneal nerves) that can produce confusing results on NCS if not 
recognized. 

■ Limb temperature variations. Slight changes in limb temperature can produce sub¬ 
stantial alterations in NCS results. The major problem is inadvertent limb cooling, 
which can cause CMAP and SNAP responses to be increased in amplitude, increased 
in duration, prolonged in latency, and slow in CV. For this reason, many patients are 
reported to have focal or generalized nerve lesions when all they actually have are 
cool limbs. 

■ Patient age. NCS results are very different at the extremes of age than they are in ado¬ 
lescents, young adults, and middle-aged adults. In the young, because the myelin is 
relatively thin, the nerve conduction values are approximately one-half those seen in 
adults. These values do not reach the normal adult range until 3 to 4 years of age. 
Similarly, in the elderly, sensory NCS responses and H-responses are often un- 
elicitable in the lower extremities, while the NCS responses that can be obtained are 
generally lower in amplitude and slower in conduction rate. 
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■ Technical-lack of standardization. To be of any clinical value, NCS must be standard¬ 
ized so that results are reproducible and, therefore, comparable to normal values. 
Thus, for each NCS performed, the stimulating and recording sites must be consistent 
from one limb to another, set distances must be measured accurately, etc. Many EMG 
laboratories lack such standardization. 

■ Technical-electrode placement errors. The recording electrode inadvertently may not 
be affixed over the motor point of the muscle (for motor NCS) or directly over the 
nerve (for sensory NCS). The resulting responses may be spuriously low in amplitude 
and sometimes falsely slow. Moreover, if the recording electrodes are not affixed 
firmly to the skin, overwhelming artifacts can result. Also, if excessive electrode paste 
is used, salt bridges can be established between the electrodes, denigrating the re¬ 
corded responses. Finally, if active and reference electrodes are switched, the response 
recorded will be a vertical mirror image of the normal response, producing consid¬ 
erable confusion if unrecognized. 

■ Technical-stimulation errors. If the stimulating electrodes are mistakenly placed at 
some distance from a motor nerve, other nerves in the area may be inadvertently 
stimulated and the CMAPs that result may, by volume conduction, reach the recording 
electrodes and be misinterpreted. If too much electrolyte paste is placed on the stimu¬ 
lating electrodes (anode and cathode), salt bridges can form between them, causing a 
short-circuiting of the current flow, resulting in an inability to stimulate the nerve, even 
with the use of excessive power. Also, if the cathode and anode are inadvertently 
switched, the responses will be longer in latency (due to the nerve impulses having to 
traverse the additional nerve segment between the cathode and anode) and sometimes 
lower in amplitude (due to a partial anodal block). Submaximal nerve stimulation can 
result in responses that are both spuriously low in amplitude and sometimes pro¬ 
longed in latency. Excessively strong stimulation, however, also has undesired conse¬ 
quences: (1) The nerve can actually be stimulated at a distance from the cathode rather 
than immediately beneath it, which can result in an erroneously short latency being 
obtained; and (2) The stimulus can spread to other nerves and thereby produce spuri¬ 
ous, confusing responses. Inadvertent stimulus spread is particularly likely to occur 
between the median and the ulnar nerves on stimulations at the elbow and between 
the tibial and peroneal nerves on stimulations behind the knee. 

■: Technical-measurement errors. As noted, distal/peak latencies are usually deter¬ 
mined by using a set distance between the cathode and the active recording electrode, 
and CVs are calculated by using the distance measured between the two points (cath¬ 
ode) of stimulation. These measurements can be inaccurate for a number of reasons, 
including inadequate or inaccurate marking of the stimulation points, failing to obtain 
measurements with the limb in a standardized position, inaccurately reading the dis¬ 
tance, etc. 

■ Instrumentation errors. These can occur if the EMG equipment is not properly main¬ 
tained and calibrated. With older equipment the sweep speed can vary as it traverses 
the screen. Moreover, with some machines the measurements can be made off the 
cathode ray screen and parallax usually occurs unless the electromyographer is di¬ 
rectly in front of the screen. 
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B Other examiner errors. During CV determinations, some electromyographers change 
various machine parameters between stimulating at the proximal and distal sites, 
such as altering the amplification or the sweep speed. Although these are done in an 
attempt to increase accuracy, they can result in significant errors in latency measure¬ 
ment. In addition, measurements can be made to the wrong portion of an evoked 
response, artifacts can erroneously be considered responses, and simple arithmetic 
mistakes can be made when calculating CVs. 

1.8 Needle Electrode Examination 

The second major component of an EMG study is the NEE. A wire needle, like a hypo¬ 
dermic needle, is inserted into a muscle belly. The needle incorporates both an active re¬ 
cording electrode and a referential electrode and is connected to an oscilloscope and audio 
system via a differential amplifier. When the muscle is at rest, the NEE relays information 
about insertional activity and spontaneous activity. When the muscle is in a state of volun¬ 
tary contraction, the NEE displays discharges on the oscilloscope called MUAPs. 

Anatomically, the motor unit includes all the excitable tissues activated by a single 
AHC in the spinal cord. The final arborization of terminal nerves is arrayed closely within 
a muscle fascicle. All muscle fibers from a single motor unit are not contiguous, but form 
a mosaic pattern with other closely overlapping motor units within the same territory. 

The MUAP represents an electrical summation of all the individual muscle fiber ac¬ 
tion potentials activated by the discharge of a single AHC, or motor unit. The normal 
MUAP is classically a triphasic discharge (Figure 1.40). The unique size and shape of a 
MUAP is derived from the particular subset of muscle fiber action potentials in that motor 
unit within the immediate recording territory of the needle electrode at that moment, be¬ 
cause the whole motor unit cannot be recorded by a standard needle electrode at one po¬ 
sition. A slight movement of the needle electrode will change the number and 
interrelationship of the muscle fiber action potentials in the immediate recording territory, 
thus changing MUAP morphology even though the same motor unit is being recorded. A 
single muscle fascicle contains many individual motor units in a mosaic pattern. There¬ 
fore, multiple different motor units will be in the recording territory of a standard concen¬ 
tric needle electrode at any given time. 

The MUAP and the M-wave of the CMAP are recorded from muscle fibers. The 
CMAP, however, is a summation of all the motor units activated after supramaximal 
stimulation of a nerve trunk. Motor units do not summate together in the volume con¬ 
ductor in a single recorded discharge because each motor unit has a unique activation pat¬ 
tern that separates it in time from other simultaneously activating motor units. 

Needle electrodes differ in their recording properties. The surface area of the active re¬ 
cording site determines the recording radius of the needle. Larger surface areas record over 
larger territories. The standard concentric needle electrode, with an active recording sur¬ 
face of 150 microns x 600 microns, has a recording distance of 10 mm. Eight to 20 muscle 
fibers belonging to the same motor unit are likely to contribute to the recorded MUAP. On 
the other hand, a single-fiber EMG (SFEMG) needle electrode has an active recording sur¬ 
face of about 25 microns diameter, with a recording distance of 1 mm. Thus, only 1 to 2 
muscle fibers are likely to contribute to a recorded MUAP, allowing detailed comparison 
of the activation properties of individual muscle fiber action potentials (Figure 1.41). 
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Figure 1.40 — Example of a normal MUAP with triphasic 
configuration. 



Duration 


Figure 1.41 — Cross-section of muscle stained for glycogen 
after stimulating an isolated motor axon showing one 
motor unit. 
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Technical and physiological factors alter the appearance of normal MUAPs, such as 
the aforementioned size of the active recording surface. Varying the filter settings changes 
the low-frequency and high-frequency components of waveforms contributing to the dis¬ 
charge morphology. Physiologic tissue is an excellent low-pass filter. Low-frequency com¬ 
ponents of MUAPs outside the immediate recording area of the needle electrode may 
contaminate the recorded discharges unless the low-frequency filter setting is at least 30 
Hz. Changes in the high-frequency filter alter the MUAP less significantly. 

Temperature change has a predictable effect on neurophysiological recordings. Due to 
the slowing of conduction along peripheral nerve and muscle fiber membranes, the dura¬ 
tion of a MUAP increases as temperature decreases (Figure 1.42). While some workers in 
the field, such as Buchthal, believe the amplitude of the MUAP decreases as temperature 
decreases, other workers such as Falck and Lang have reported increases in amplitude 
with decreased temperature. Cooling of excitable tissues slows the inactivation of sodium 
permeability and the activation of potassium permeability during depolarization of the 
membrane, which results in prolonged membrane recovery and increased size of the ac¬ 
tion potential. 

The MUAP size varies with age. The MUAPs are smallest in the neonate and largest in 
the elderly. Factors accounting for this morphologic change include the developmental 
enlargement of muscle fiber diameters through early life and the subtle reinnervation that 
occurs secondary to motor unit senescence in later life. In a given individual, normal 
MUAPs vary in size and configuration in different muscles because innervation ratios 
(number of muscle fibers per motor unit) vary in different muscles from 25 in platysma to 
nearly 2000 in gastrocnemius. Secondly, the mean muscle fiber diameter differs, from 20 
microns in platysma to 57 microns in tibialis anterior. 

Pathologic changes in the motor unit can occur for various reasons. They basically in¬ 
volve damage to the peripheral nerves (axons) or the muscle fibers themselves. In both 
neurogenic and myopathic changes, the pathophysiologic factors leading to electro-physi¬ 
ologic change in single muscle fiber action potentials and MUAPs are: 1) change in termi¬ 
nal nerve twig length and/or conduction velocity, 2) change in muscle fiber diameter, 3) 
change in distance between muscle end-plate and recording site of needle electrode, and 
4) change in the number of muscle fibers in the motor unit (Figure 1.43). 

After acute trauma to a nerve trunk, many motor emits may be lost. Muscle end-plates 
(neuromuscular junctions) of denervated muscle fibers disintegrate and denervated 
muscle fibers atrophy. The remaining MUAPs may be normal. Reinnervation may pro¬ 
ceed either by regeneration of nerve fibers from the site of their trauma, or by collateral 
sprouting of terminal nerve twigs from surviving axons to innervate neighboring dener¬ 
vated muscle fibers. The process of reinnervation produces morphologic changes in 
MUAPs (Figure 1.44). Newly regenerated nerve twigs and reinnervated muscle fibers do 
not have the same properties as they did prior to injury. In most cases, the newly reinner¬ 
vating nerve twigs are longer and conduct more slowly than the more established twigs. 
The distance from the neuromuscular junction to the needle recording site is also longer. 
Finally, the freshly reinnervated muscle fibers are atrophied. All these factors combine to 
produce newly reinnervated muscle fiber action potentials that arrive late to the recording 
site and produce satellite potentials that trail after the main component of the MUAP (Fig¬ 
ure 1.44). As more muscle fibers are freshly reinnervated, a remodeled MUAP emerges, 
one that has lost its triphasic appearance and appears polyphasic. When reinnervation is 
complete, the resulting MUAP is larger than normal because it is the summation of many 
more muscle fiber action potentials than before collateral sprouting began. 
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Figure 1.43 — Schematic representation of MUAP 
generation and recording by concentric needle electrode. 



Figure 1.44 — Evolution of changes in a reinnervating 
MUAP after partial denervation. 


Normal surviving MUAP. 



Reinnvervation by collateral sprouting to a single muscle fiber (satellite potential). 


Reinnervation of multiple other muscle fibers. 



Further reinnervation of denervated muscle fibers from neighboring denervated motor units. 



Further reinnervation and maturation of reinnervated terminal twig conduction 
properties, maturation of neuromuscular junctions and enlargement of muscle 
fiber diameters. 
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In primary muscle disease, the same reinnervating process occurs. In addition, perma¬ 
nent muscle fibers drop out occurs. As a result of the disease process, muscle fibers are 
severely narrowed in diameter, producing small, but highly polyphasic, MUAPs (Figure 

1.45) . 

1.8.1 Recruitment 

The NEE also includes an analysis of the firing pattern of MUAPs. Recruitment is the term 
for the progressive calling up of more motor units to provide more forceful contraction of 
muscle. In all activities requiring energy, the physiologic system tends to minimize energy 
expenditure. The motor system does this by choosing specific types of motor units to be 
activated and by coordinating the timing of recruitment in the contractile process (Figure 

1.46) . For small but continuous contractile efforts, type I (slow twitch) motor units are ac¬ 
tivated because of their aerobic and relatively low-energy-requiring metabolism. When 
more contraction is required, a choice is made between more frequent activation of motor 
units already firing and the recruitment of new motor units. At a certain point for each fir¬ 
ing motor unit, the energy requirement for more frequent activation will exceed the en¬ 
ergy requirement to recruit a new motor unit. As more contraction is needed, type II (fast 
twitch) motor units are recruited because of their faster twitch and greater twitch tension 
characteristics. 

Individual MUAPs often begin firing at a frequency of 5 to 10 per second (5 Hz to 10 
Hz). By the time a single MUAP is firing 15 Hz, at least one other MUAP has been re¬ 
cruited. This process continues until a maximal contraction is delivered and the EMG trac¬ 
ing shows a confluence of individual MUAPs too numerous to count (interference pattern). 

In a neurogenic process, where motor units drop out (i.e., by death of AHCs or 
transection of a nerve trunk), the normal recruitment pattern is disturbed. The old orderly 
activation of motor units with increased contraction no longer occurs because insufficient 
motor units are connected to muscle fibers to provide that. As a result, existing MUAPs 
fire at a faster rate to provide the needed contractile force. Thus, the EMG tracing will 
show a reduced recruitment pattern of too few MUAPs present, each firing at faster fre¬ 
quencies than normal. 

In a myopathic disorder, the reverse occurs. At any given contractile force of mus¬ 
cle, more MUAPs are firing than would be expected, while the firing frequency of each 
MUAP remains normal. This early recruitment occurs because muscle fibers have dropped 
out of motor units, giving each motor unit less power when activated. Therefore, to pro¬ 
duce an equivalent amount of contraction, more MUAPs need to be recruited. 

1.8.2 Insertional and Spontaneous Activity 

Normal muscle at rest is electrically silent. With needle movement, normal insertional ac¬ 
tivity is produced by mechanically inducing muscle fiber action potentials. Such activity 
lasts only as long as the needle movement. 

Abnormal neuromuscular states can produce increased insertional activity. A dener- 
vated muscle fiber undergoes disintegration of its motor end-plate. Changes occur in the 
ion channel sensitivities such that automatic, regular depolarizations of the membrane 
occur, producing propagated action potentials. In the early phases (1 to 3 weeks) after 
axon loss, these discharges are initiated by needle movement and have waveform 
characteristics of positive waves or sharp spikes that die out eventually once the needle 
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Figure 1.45 — Evolution of morphologic changes in the 
MUAP in a progressive necrotizing myopathy 
(polymyositis). 



—yt/y-*— 


Early reinnervation of neighboring muscle fibers by collateral sprouting 


Figure 1.46 — A three-dimensional diagram that 
summarizes physiologic and histochemical data ob¬ 
tained from motor units of the cat medial gastro¬ 
cnemius muscle. 
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stops moving. In EMG terminology, these discharges are called positive waves. This may 
be the earliest sign of an axon loss neurogenic process. Another example of abnormal in- 
sertional activity is myotonic discharges, which can be seen in hereditary myopathies, as 
well as chronic acquired neuropathic and myopathic disorders. Abnormally reduced 
insertional activity can be seen in muscle replaced by fatty tissue or fibrosis and in meta¬ 
bolic states that make the muscle electrically unexcitable (MeArdie's disease, paramyo¬ 
tonia congenita, and periodic paralysis). 

Spontaneous activity consists of electrical discharges in a muscle at rest, without 
needle movement. It is always abnormal. Fibrillation potentials are thought to be the con¬ 
tinuous, spontaneous form of positive-wave discharges seen in denervated muscle (Fig¬ 
ure 1.47). They are the classic EMG feature of recent denervation. Other examples of 
abnormal spontaneous activity include fasciculation potentials (seen in neuropathies and 
motor neuron disorders), myokymic discharges (seen in chronic compressive neuro¬ 
pathies and as a result of radiation change to peripheral nerves), and complex repetitive 
discharges (seen in any chronic neuropathic or myopathic process). Findings of abnormal 
spontaneous activity help the electromyographer support the diagnosis of disease of the 
motor unit and can often help in localization of nerve damage and definitive diagnosis. 


Figure 1.47 — Fibrillation potentials (top) spike form 
(bottom). 



1.9 Pathophysiology 

1.9.1 Nerve 

Peripheral nerve fibers and their cells of origin can be traumatized in a great variety of 
ways. Nonetheless, their pathological responses to injury are quite limited, and their 
pathophysiological responses are even more restricted. In general, large myelinated fibers 
can sustain relatively mild damage that causes focal alterations in their myelin without 
killing them, or they can undergo more severe injury that causes them to degenerate (de- 
myelination and axon loss, respectively). When axon loss or axon degeneration occurs, the 
nerve degenerates from the point of injury distally to its furthest extent. For example, mo¬ 
tor fibers degenerate down to where they terminate, as the motor end-plate, in the neuro¬ 
muscular junction. This nerve-degenerating process is referred to as Wallerian degeneration, 
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Figure 1.48 — Characteristic changes produced in a 
motor-evoked response (obtained by distal stimulation) 
with various types of pathophysiology (N1 = normal). 
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since it was first described by Waller in the 1830s. On the NCS in these situations, the dis¬ 
tal stump can conduct nerve impulses for 7 to 11 days, but then, as Wallerian degenera¬ 
tion progresses, conduction failure supervenes. Thus, an axon loss lesion is never focal in 
regard to its effect; even though the lesion that caused it may have directly impacted on 
only a very small segment of nerve, the entire nerve segment distal to that point soon de¬ 
generates and can no longer conduct impulses. 

For individual myelinated nerve fibers, focal demyelination causes one of two con¬ 
duction changes: conduction slowing or conduction block. With conduction slowing, 
nerve impulses traverse the injury site, but at a slower rate than normal because, due to 
myelin damage, a greater amount of the axon at the node has to be depolarized; this con¬ 
sumes time. With demyelinating conduction block, the demyelination is more severe at 
the lesion site, so that the nerve impulses cannot traverse it, although the segment of nerve 
distal to that point remains intact and capable of conducting impulses (as can be 
demonstrated on NCS). The key point about all focal demyelinating lesions is they truly 
remain focal. Unlike axon loss lesions, they have no appreciable effects on the nerve seg¬ 
ments distal (or proximal) to them. Thus, focal demyelinating nerve lesions generally will 
not be detected by NCS unless the stimulation is applied proximal to them while record¬ 
ing distal to them; i.e., the impulses have to travel through the injured nerve segments for 
the lesions to be appreciated. 

The components of the NCS are affected differently by the various types of nerve 
pathophysiology, to the point that the specific type of pathology present often can be pre¬ 
sumed, based on the NCS changes. 

The amplitudes of the NCS responses — the CMAPs, SNAPs, and MNAPs — are 
semiquantitative measures of the number of nerve fibers capable of conducting impulses 
between the stimulating and recording sites. They are, therefore, affected by axon-loss le¬ 
sions located at any point distally from the AHCs (for motor fibers) and the DRGs (for 
sensory fibers). With incomplete axon-loss lesions, the SNAPs are more severely involved 
than the CMAPs, i.e., lower in amplitude. Consequently, diminution of SNAP amplitudes 
is the most sensitive NCS indicator of axon-loss lesions. NCS amplitudes are also affected 
by demyelinating conduction block lesions when stimulating proximal to the lesions. 
They remain normal when stimulating (and recording) distal to them. The amplitudes are 
not affected by focal slowing if conduction along all the large myelinated fibers is altered 
to the same degree. However, if conduction along only some of the nerve fibers is slow, or 
if it is slow along all of them but to different degrees, then the evoked responses are dis¬ 
persed in time, and, as the durations increase, the amplitudes begin to decrease. Finally, 
the motor amplitudes can be reduced by abnormalities of neuromuscular transmission, 
and of the muscle itself (Figure 1.48). Generally, NCS amplitudes are considered ab¬ 
normally low whenever they are below the lowest limits of normal laboratory values, as 
determined by studying a number of normal persons from each decade of life, and when 
they are 50% lower than the amplitude obtained by studying the corresponding nerve in 
the contralateral limb. A conduction block is considered present whenever the response 
on proximal stimulation is appreciably lower in amplitude than that on distal stimulation. 
"Appreciably" is defined differently in different EMG laboratories; e.g., in the Cleveland 
Clinic EMG laboratory a drop in amplitude of 50% is required. 
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Figure 1.49 — Analogy of traffic moving along a normal 
road to impulses passing along a normal nerve. 
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Figure 1.50 — Analogy of a problem along a short 
segment of highway causing slowing of traffic to focal 
slowing. 
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Both distal/peak latencies and CVs are measurements of conduction rate and, conse¬ 
quently, affected by the same types of pathophysiological processes. The most important 
one, from the electromyographer's viewpoint, is demyelinating focal slowing (Figure 
1.48). They generally are not altered by incomplete axon-loss lesions because they are be¬ 
ing determined along the surviving fibers, which are usually conducting at their normal 
rates. Obviously, with complete/nearly complete axon loss lesions, no responses will be 
obtained and, therefore, neither distal/peak latencies nor CVs can be determined. In con¬ 
trast, very remote, severe axon loss lesions in which some nerve regeneration has occurred 
also can produce significant slowing because the conduction rate is being determined 
along fibers that have regenerated; i.e., fibers that are narrower than the original axons 
have a thinner coating of myelin and, therefore, conduct at an appreciably slower speed. 
The latencies and CVs usually are normal with demyelinating conduction block lesions, 
but sometimes they are spuriously slow because the onset of the proximal and distal re¬ 
sponses are for two different sets of nerve fibers. The distal latency is determined by the 
fastest conducting fibers. The proximal latency is determined by the unblocked, slower 
conducting ones (i.e., the faster conducting fibers have their conduction blocked and are, 
therefore, not contributing to the response). The distal peak latencies and CVs are judged 
as normal or abnormal by comparing them to laboratory normal values, determined by 
studying normal persons in each decade of life. 

In summary, axon loss lesions and demyelinating conduction block lesions affect 
primarily the amplitudes of the responses, while focal slowing affects the latencies and 
the CVs. 

With lesions causing demyelinating conduction block and particularly with those caus¬ 
ing axon loss, sometimes all or nearly all the nerve fibers are involved. In such cases, no 
evoked responses can be obtained (i.e., the amplitudes of the responses are zero) and, conse¬ 
quently, no conduction rate measurements (distal/peak latencies, CVs) can be determined. 

In regard to the NEE, focal slowing has no appreciable effect. In contrast, pure demy¬ 
elinating conduction block affects only the number of MUAPs firing on maximal effort; 
with rather severe lesions, they fire in decreased numbers at a rapid rate. With axon loss 
lesions, minute rhythmical spontaneous action potentials of individual muscle fibers, 
called fibrillation potentials, appear approximately 21 days after nerve injury. These are 
extremely sensitive, objective indicators of prior motor axon loss which can neither be pro¬ 
duced nor suppressed volitionally. With minor degrees of motor axon loss there may be 
no significant changes in the MUAPs. However, with more severe axon loss the MUAPs 
fire in decreased numbers at a rapid rate, identical to that seen with demyelinating con¬ 
duction block lesions. As time passes, the muscle fibers that were orphaned by the loss of 
their motor axons, and subsequently were fibrillating, are often adopted by neighboring, 
surviving axons. As this happens, they cease to fibrillate. The motor units that adopted 
them now control more than their normal complement of muscle fibers. When they gener¬ 
ate action potentials, or MUAPs, the latter are often of increased duration and are often 
higher in amplitude. This phenomenon is called the chronic neurogenic MUAP change. 

Some parallels can be drawn between the pathophysiology seen with various nerve 
lesions and the problems encountered during automobile travel (Figure 1.49). At times, 
road repair over a limited stretch of highway forces traffic to be reduced to one lane. The 
automobiles must travel at a slower rate of speed while traversing this segment, but all 
ultimately get beyond it and then regain their normal speed. This scenario is very similar 
to focal nerve conduction slowing in that the conduction rate is slowed along the injured 
segment, but normal along the segments proximal and distal to the injury (Figure 1.50). 
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Figure 1.51 — Analogy of a problem along a short 
segment of highway halting traffic to conduction block 
along a nerve. 
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Of note is that, with conduction slowing, all the impulses ultimately traverse the dam¬ 
aged site. For this reason, if the slowing is uniform along all the large fibers, the responses 
elicited on NCS are normal in their configuration — only if their conduction rate is deter¬ 
mined can it be appreciated that a lesion is present. Moreover, the NEE is unaltered. Also 
for this reason, focal slowing, per se, causes almost no clinical manifestations; slowing 
along motor fibers, regardless of severity, does not cause muscle weakness, while slowing 
along sensory fibers usually does not produce a sensory abnormality. Only when varying 
degrees of slowing are present along those sensory fibers that carry synchronized volleys 
centrifugally are any clinical deficits noted. For example, when conduction along the large 
myelinated sensory fibers that transmit vibratory sensation is slowed to different degrees 
the patient will be unable to detect the vibration of a tuning fork. 

Returning to the analogy of road travel, in some instances a segment of highway may 
be rendered impassable, e.g., by flooding or rock slides. In these situations, all road traffic 
is stopped at the edge of the site and none progresses beyond that point, although on the 
far side the road is completely intact. This can be circumvented by transporting an auto¬ 
mobile with a helicopter from the near side of the bad stretch of road to the intact highway 
on the far side so that it can then continue its journey at normal speed. This situation is 
analogous to demyelinating conduction block. The nerve impulses cannot get beyond the 
lesion site, but the nerve fibers distal to the damaged segment remain intact. This occur¬ 
rence can be demonstrated by NCS. When stimulating proximal to the lesion, while re¬ 
cording distal to it, the responses are low in amplitude or unelicitable. However, when 
stimulating and recording along the segment distal to the lesion site, the evoked responses 
are of normal amplitude (Figure 1.51). 

The road situation analogy usually does not apply to axon loss lesions because the 
highway must be destroyed, or at least rendered impassable, from a particular point all the 
way distally to where it terminates. This could occur, for example, if a road were disrupted 
by extensive flooding. In this situation, a helicopter could not lift an automobile from the 
edge of the undisturbed section of highway and deposit it beyond the impassable segment 
because the latter extends as far as the road does (or did). This is the situation with axon 
loss lesions in which the segment of nerve separated from its cell body dies; i.e., the distal 
nerve stump undergoes Wallerian degeneration from the point of injury all the way to the 
periphery. Thus, the degenerated nerve fibers cannot conduct impulses, so stimulating 
them produces no evoked response. Stimulating the still-viable nerve segment proximal to 
the lesion site also yields no evoked response because the impulses produced cannot 
traverse the degenerated segment to reach the recording site (Figure 1.52). 

In contrast to demyelinating focal slowing lesions, both demyelinating conduction 
block lesions and axon loss lesions produce clinical deficits, with their severity directly 
linked to the number of fibers affected. If only a small percentage of the fibers in a mixed 
nerve have undergone axon loss or conduction block, no clinical deficits may be apparent. 
However, with more severe injury to motor and sensory fibers, clinical weakness of the 
appropriate muscles and loss of position and vibratory sensations is apparent, respec¬ 
tively. Total paralysis and complete loss of position and vibratory sense results from com¬ 
plete demyelination conduction block and/or axon loss lesions (with axon loss lesions, 
other types of sensations are also lost — e.g., pain, temperature, light touch — but this can¬ 
not be detected by the electrodiagnostic examination because the nerve fibers that 
subserve these sensations are not being studied). 
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Figure 1.52 — Analogy of a problem along an extended 
segment of highway to axon loss affecting a nerve. 
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1.9.2 Neuromuscylar Junction 

The classic example of a postsynaptic defect of neuromuscular junction transmission is 
myasthenia gravis. The hallmark of this auto-immune disorder is production of antibody 
against the Ach receptor, resulting in depletion of Ach receptors on the postsynaptic sur¬ 
face, scarring, and simplification of the postsynaptic junctional folds. The cleft between 
presynaptic and postsynaptic surfaces thus widens and the two cannot communicate. 

Acetylcholine receptor antibodies are a heterogeneous group of IgG molecules with 
specificity for various subsegments of the Ach receptor molecule. Relatively few antibod¬ 
ies are specific for the active binding site of Ach. Among patients with clearly generalized 
disease, more than 90% will have detectable antibody by radio-immunoassay. 

With reduction of the number of acetylcholine receptors at the postsynaptic site, the 
safety factor is lost. As the amount of Ach released naturally declines in a series of stimuli 
to the nerve terminal, a point will be reached when too few ion channels are opened to 
produce a threshold end-plate potential and propagated action potential. When this oc¬ 
curs, the muscle fiber will not fire and the classic decremental response with repetitive 
stimulation is identified (see below). This corresponds to the clinical observation of fatigue 
in exercised muscles. 

About 75% of patients with myasthenia gravis have some abnormality of the thymus 
gland. In the majority, the pathology indicates hyperplasia of the germinal centers of the 
medulla of the gland. In about 10% of patients with thymic abnormality, a locally-invasive 
malignancy known as thymoma is detected. What role the thymus plays in the induction 
and perpetuation of the disease is unclear. Removal of a diseased thymus may produce 
disease remission in some patients and reduction of symptoms in others. 

1.9.3 Muscle 

Many types of muscle disorders exist, each with its own specific pathophysiology, al¬ 
though the common final pathway is failure of the contractile system. One of the most 
clearly recognizable disorders is polymyositis (it is thought that this disease is due to 
auto-immune deregulation, but the specific antigenic trigger and antibody response have 
not been identified). An inflammatory reaction occurs amid muscle fibers with associated 
perivascular accumulation of lymphocytes and macrophages. Necrosis of muscle fibers 
occurs and they become disconnected from their end-plates. Subsequently, these muscle 
fibers atrophy in the absence of innervation. If the inflammation is treated and repair is 
allowed to take place, muscle fibers reinnervate and electrophysiologic features develop 
that are identical to those seen in newly reinnervated muscle fibers after nerve disease (see 
below). 

In the hereditary disorders known as the myotonia, an inborn abnormality of the 
muscle fiber membrane occurs. In myotonic dystrophy, an abnormality of sodium ion 
channel function is responsible, while in myotonia congenita reduced chloride conduc¬ 
tance across the membrane causes the disease. The hallmark of these conditions is a 
repeating, rhythmic electrical discharge of muscle (myotonic discharges) induced by me¬ 
chanical stimulation or spontaneous muscle contraction. 
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Table 1.4a - Arm Muscles 

Mean Action Potential Duration (in ms) in Various 
Muscles at Different Ages (concentric electrodes) 


Age 

Deltoid 

Biceps 

brachii 

Triceps 

brachii 

Extensor 

digitorum 

communis 

Opponens 
first dorsal; 
interosseus 

Abductor 

digiti 

quinti 

0 

9.0 

7.3 

8.3 

6.8 

8.1 

9.5 

3 

9.0 

7.3 

8.3 

6.8 

8.1 

9.5 

5 

9.2 

7.5 

8.5 

6.9 

8.3 

9.7 

8 

9.4 

7.7 

8.6 

7.1 

8.5 

9.9 

10 

9.6 

7.8 

8.7 

7.2 

8.6 

10.0 

13 

9.9 

8.0 

9.0 

7.4 

8.9 

10.3 

15 

10.1 

8.2 

9.2 

7.5 

9.1 

10.5 

18 

10.4 

8.5 

9.6 

7.8 

9.4 

10.9 

20 

10.7 

8.7 

9.9 

8.1 

9.7 

11.2 

25 

11.4 

9.2 

10.4 

8.5 

10.2 

11.9 

30 

12.2 

9.9 

11.2 

9.2 

11.0 

12.8 

35 

13.0 

10.6 

i 

12.0 

9.8 

11.7 

13.6 

40 

13.4 

_i 

10.9 

12.4 

10.1 

12.1 

14.1 

45 

13.8 

11.2 

12.7 

10.3 

12.5 

14.5 

50 

14.3 

1 

11.6 

13.2 

10.7 

12.9 

15.0 

55 

14.8 

12.0 

13.6 

11.1 

13.3 

15.5 

60 

15.1 

12.3 

13.9 

11.3 

13.6 

15.8 

65 

15.3 

12.5 

14.1 

11.5 

13.9 

16.1 

70 

15.5 

12.6 

14.3 

11.6 

14.0 

16.3 

75 

15.7 

12.8 

14.4 

11.8 

14.2 

16.5 
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Table 1.4b - Leg and Facial Muscles 
Mean Action Potential Duration (in ms) in Various 
Muscles at Different Ages (concentric electrodes) 


Orbicularis 


Biceps Extensor oris superior; 

femoris; Tibialis Peroneus digitorum transgularis; 

Age quadriceps Gastrocnemius anterior longus brevis frontalis 


0 

8.0 

7.1 

8.9 

6.5 

7.0 

4.2 

3 

8.2 

7.3 

9.2 

6.7 

7.2 

4.3 

5 

8.4 

7.5 

9.4 

6.8 

7.4 

4.4 

8 

8.6 

7.7 

9.6 

6.9 

7.6 

4.5 

10 

8.7 

7.8 

9.7 

7.0 

7.7 

4.6 

13 

9.0 

8.0 

10.0 

7.2 

7.9 

4.7 

15 

9.2 

8.2 

10.2 

7.4 

8.1 

4.8 

18 

9.5 

8.5 

10.5 

7.6 

8.4 

5.0 

20 

9.8 

8.7 

10.8 

7.8 

8.6 

5.1 

25 

10.3 

9.2 

11.5 

8.3 

9.1 

5.4 

30 

11.1 

9.9 

12.3 

8.9 

9.8 

5.8 

35 

11.8 

10.6 

13.2 

9.5 

10.5 

6.2 

40 

12.2 

10.9 

13.6 

9.8 

10.8 

6.4 

45 

12.5 

11.2 

13.9 

10.1 

11.1 

6.6 

50 

13.0 

11.6 

14.4 

10.5 

11.5 

6.8 

55 

13.4 

12.0 

14.9 

10.8 

11.9 

7.0 

60 

13.7 

1 

12.3 

15.2 

11.0 

12.2 

7.1 

65 

14.0 

12.5 

15.5 

11.2 

12.4 

7.3 

70 

14.1 

12.6 

15.7 

11.4 

12.5 

7.4 

75 

14.3 

12.8 

15.9 

11.5 

12.7 

7.5 
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1.10 Special Methods 

Various specialized and quantitative techniques have been developed to supplement the 
information derived from the standard NEE. Generally, these methods are relatively time- 
consuming and typically limited in their scope of sampling, usually to one or two muscles 
in a single examination. Thus, they are reserved for special clinical situations or are used 
in the course of clinical research. 

Quantitative EMG traditionally refers to the methods described by Buchthal. This 
method employs a standard NEE of a single muscle, recording 20 individual MUAPs. A 
MUAP may be quite variable in its morphology depending upon positioning of the 
needle electrode. By definition, the MUAP is recorded when the amplitude is maximum 
and the peak rise time is <500 ms. The MUAPs may be analyzed for various parameters 
including duration, amplitude, area, and number of phases (Figure 1.53). Normal values 
vary from muscle to muscle and change with age (Table 1.4a, b). MUAP duration has been 
the most clinically-relevant parameter for quantitative EMG. This particular method has 
demonstrated to be a valuable technique for the study of diseases of nerve and muscle. 

Figure 1.53 — A schematic MUAP with characteristics that 
can be quantitated. 



Single-fiber EMG is a technique that enables measurement of the muscle action poten¬ 
tials from individual muscle fibers belonging to the same motor unit. SFEMG can be per¬ 
formed on most EMG units, but special accessories are needed, including a delay line, a 
counter, and a photographic unit or its equivalent. SFEMG examinations are more effi¬ 
ciently performed on computerized EMG equipment that utilize special programs for ac¬ 
quisition and analysis. They require a specialized needle electrode with a 25 gm-diameter 
recording surface embedded on the shaft of a needle electrode that serves as the reference 
electrode (Figure 1.28c and 1.41). Special filtering is also required. The high-pass filter is 
optimal at 500 Hz, whereas the low-pass filter is typically set at 10 KHz. Single-muscle fi¬ 
ber action potentials are typically biphasic in configuration and have rise times from posi¬ 
tive to negative peak of less than 300 ps and a peak-to-peak amplitude >200 pV. 
Single-muscle fiber action potential waveforms should be stable with successive dis¬ 
charges. SFEMG provides two measurements, fiber density and jitter. The fiber density 
represents the average number of single muscle fiber potentials recorded from the same 
motor unit during 20 separate insertions and recordings in a single muscle (Figure 1.54). 
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Figure 1.54 — Single-fiber EMG recordings in normal and 
reinnervated muscle. 



This often entails four or five insertions at different locations in the muscle. Fiber den¬ 
sity is an index of the number of muscle fibers belonging to the motor unit. In neurogenic 
disorders with axon loss and reinnervation, fiber density is typically elevated. Whereas in 
myopathies, fiber density is usually normal or slightly elevated, particularly in those 
myopathies associated with muscle fiber degeneration. Normal values for fiber density 
depend on the muscle examined and the age of the patient, as fiber density tends to in¬ 
crease with advancing age (Table 1.5). 

Jitter is a SFEMG measurement that is performed when two or more muscle fibers be¬ 
longing to the same motor unit are recorded simultaneously. It refers to the variability of 
the interpotential interval between two single-fiber muscle action potentials during suc¬ 
cessive discharges (Figure 1.55). Although many factors contribute to the jitter, the impor¬ 
tant factor is neuromuscular transmission at the muscle endplate. Jitter analysis requires 
jitter measurements from 20 individual potential pairs. Normal mean jitter values vary 
from muscle to muscle and tend to increase with age (Table 1.6). Increased jitter in patho¬ 
logical states may be associated with blocking of the impulse. This most often occurs in 
disorders of the neuromuscular junction such as myasthenia gravis or the myasthenic syn¬ 
drome of Lambert and Eaton. However, increased jitter and blocking may occur in 
neuropathies as a consequence of motor axon degeneration with reinnervation, and in 
muscle diseases that cause myonecrosis, such as polymyositis. Thus, SFEMG measure¬ 
ments are nonspecific and need to be interpreted in the context of findings on the routine 
NCS and NEE. 
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Figure 1.55—(a) Schematic explanation of the recording 
conditions for jitter measurements in a voluntarily-activated 
muscle, (b) Action potential pair firing at low degree of 
voluntary effort, (c) Two potentials at a higher sweep speed 
with a sweep triggered by the first potential and moving 
down after each discharge, (d) Several discharges super¬ 
imposed to demonstrate changes in the interpotential 
intervals (the neuromuscular jitter). 
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Table 1.5 - Normal Fiber Density Values 


MUSCLES 

10-25 years 
m SD n 

26-50 years 
m SD n 

51-75 years 
m SD n 

> 75 years 
m SD n 

Frontalis 

1.61 

0.21 

(ID 

1.72 

0.21 

(15) 







Deltoid 

1.36 

0.16 

(20) 

1.40 

0.11 

(10) 







Biceps 

1.25 

0.09 

(20) 

1.33 

0.07 

(17) 







Extensor 

digitorum 

communis 

1.47 

0.16 

(61) 

1.49 

0.16 

(98) 

1.57 

0.17 

(59) 

2.31 

0.41 

(21) 

1st Dorsal 
interosseus 

1.33 

0.13 

(14) 

1.45 

0.12 

(6) 







Rectus 

femoris 

1.43 

0.18 

(ID 

1 

1.57 

0.23 

(14) 







Tibialis 

anterior 

1.57 

0.22 

(18) 

1.56 

0.22 

(21) 

1.77 

0.12 

(4) 

3.8 


(1) 

Extensor 

digitorum 

brevis 

2.07 

0.42 

(16) 

2.62 

0.30 

(ID 








m=mean, SD=standard deviation, n=number of subjects. 


Macro-EMG is a single-fiber EMG technique that utilizes a specialized SFEMG elec¬ 
trode. The electrode consists of a typical single-fiber EMG recording surface, but the 
canula is bare over the distal 15 mm (Figure 1.28d). Macro-EMG requires two-channel re¬ 
cording. One channel records the single-fiber EMG potentials and the second channel 
records the macro-potential (Figure 1.56). The macro-potential is time-locked and trig¬ 
gered from the single-fiber recording but is recorded from the 15 mm bare canula (record¬ 
ing electrode) with a distant surface electrode as the reference electrode. In such an 
arrangement, the single-fiber macro-canula may record from all the muscle fibers within 
the motor unit. A typical single-fiber macro-examination encompasses 20 different 
MUAPs. These are analyzed according to various morphologic features including ampli¬ 
tude and rectified area. Emphasis has been placed on amplitude as the most important 
parameter of the single-fiber macro-MUAP. Macro-MUAP amplitudes vary from muscle 
to muscle and tend to increase with age (Table 1.7). Macro-MUAPs are increased in ampli¬ 
tude in diseases of motor fibers that result in motor fiber loss with reinnervation and tend 
to be normal or reduced in amplitude in muscle diseases (Figures 1.57 and 1.58). 
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Table 1.6 - Normal Mean Jitter Values 


Muscles 

Number of 

MCD - pooled 

SD of MCD values from 

Upper normal 


potential pairs 

data 

individual subjects 

limit close to 



mean, SD 

mean, SD 

mean +3SD 

Frontalis 

258 

20.4, 8.8 

6.2,2.3 

45 

(range of means 
for individual 





subjects) 


(15.7-29.2) 

(5.5 - 8.7) 


Biceps 

125 

15.6,5.9 


35 

EDC 

759 

24.6,10.6 

8.3,3.2 

55 

(range of means 
for individual 





subjects) 


(16.5-32.0) 

(2.3 -12.4) 


Rectus femoris 

73 

31.0,12.6 


60 





(65)* 

Tibialis anterior 

153 

32.1,15.0 


60 





(75)* 

EDB 

29 

85.3,68.6 


none 


*Due to some extreme high values, the data are not Gaussian distributed. A more appropriate upper normal limit is 60 gsec. 


Figure 1.56 — Principle for macro-EMG recording. 
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Figure 1.57 — Examples of macro-MUAPs: (a) limb girdle 
dystrophy, (b) normal muscle, (c) ALS. 


(a) (b) (c) 



Figure 1.58 — Macro-EMG findings in the case of 
polymyositis and motor neuron disease from biceps 
brachii muscle compared to normal. 
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Table 1.7 - Normal Macro-MUAPs Amplitude Values 



Biceps 

Vastus lateralis 

Tibialis anterior 


Median 

Individual 

macro-MUAP 

Median 

Individual 

macro-MUAP 

Median 

Individual 

macro-MUAP 

Age 

min 

max 

min 

max 

min 

max 

min 

max 

min 

max 

min 

max 

10-19 

65 

100 

30 

350 

70 

150 

20 

350 

65 

200 

30 

350 

20-29 

65 

140 

30 

350 

70 

240 

20 

525 

65 

250 

30 

450 

30-39 

65 

180 

30 

400 

70 

240 

20 

550 

65 

260 

30 

450 

40-49 

65 

180 

30 

500 

70 

250 

20 

575 

65 

330 

30 

575 

50-59 

65 

180 

30 

500 

70 

260 

20 

575 

65 

375 

40 

700 

60-69 

65 

250 

30 

650 

80 

370 

20 

1250 

120 

375 

45 

700 

70-79 

65 

250 

30 

650 

90 

600 

20 

1250 

120 

620 

65 

800 


An important quantitative method for the study of the interference pattern (IP) is 
turns analysis. This is usually accomplished with a computerized EMG unit that has a 
special program to acquire the IP and analyze the signal for amplitude and turns. The IP 
recordings are made with standard concentric needle electrodes or monopolar electrodes. 
IPs are recorded at multiple sites within the muscle (Figure 1.59). The signal is then digi¬ 
tized and analyzed for the number of turns, a change in signal direction of 100 gV or 
more, and the amplitude of the potential difference between successive turns (Figure 
1.60). Traditionally, these values were expressed in a plot of turns or amplitude versus 
percent of maximum force as measured by a strain gauge (Figure 1.61). The use of strain 
gauges to calculate maximum force and the percentage of force generated is technically 
demanding and cumbersome and limits the number of muscles that may be studied with 
this technique. Stalberg introduced the concept of a cloud of normal values, which repre¬ 
sents a scatter plot of turns per second versus mean amplitude per turn (Figure 1.62). In 
this method, at least 20 different measurements are made at various levels of muscle con¬ 
traction. Normal clouds vary with different muscles and change with age. An abnormal 
test requires two or more points out of 20 falling outside the normal cloud. Myopathies 
produce more turns and lower amplitudes and neuropathies produce fewer turns and 
higher amplitudes (Figure 1.63). 

Nandedkar and colleagues recently introduced other parameters for turns analysis 
that includes upper centile amplitude measuring the amplitude of the 99th percentile of 
all amplitudes recorded in the IP, number of small segments (NSS) defined as the number 
of turns of 2 mV amplitude or less as an index of complexity of the IP, and activity defined 
as an index of the fullness of the IP. These parameters may also be expressed graphically 










^ SpaceLabs Medical: ELECTROMYOGRAPHY/ELECTROENCEPHALOGRAPHY 

>■■■■■ ■ ■ ■ I ■ .1 ■ I ■■ ■■ ■ . — 


as clouds for normal values. Myopathies show a higher NSS and lower UCA, whereas 
neuropathies produce lower NSS and higher UCA (Figures 1.64 and 1.65). Other methods 
to analyze the IP have also been used such as Fast-Fourier Transformation with analysis of 
the power spectrum of the IP. 


Figure 1.59 — Example of interference pattern recordings: 
(a) mild, (b) moderate, (c) maximal voluntary activation. 


I 500 pV 



1 s 


Figure 1.60 — EMG interface pattern showing five turns 
(T1-T5) that define four segments (S1-S4), whose durations 
(D1-D4) and amplitudes (A1-A4) are indicated. 
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Figure 1.62 — Development of the normal cloud for 
turns and amplitude: (a) healthy females over 60 years. 

(b) linear regression and +/- SD of log amplitude versus 
log turns, (c) parts a and b redrawn, (d) normal limits 
obtained by setting upper limits on turns and amplitudes. 
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Figure 1.63 — Turns and amplitude values for two 
patients superimposed on normal limits. 















Figure 1.64 — Pooled data from IP studies in bicep 


muscles of seven female patients with myopathy. 
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1-11 Findings in Disease 

1.11.1 Hysteria/Malingering/Upper Motor 
Neuron Disease 

The electrodiagnostic examination sometimes can be of substantial benefit in assessing 
patients with various non-PNS disorders. Because the motor unit and the primary sensory 
fibers are not affected, the motor and sensory NCS are completely normal. No abnormali¬ 
ties are seen on the NEE, except for the firing pattern. The MUAPs fire in significantly de¬ 
creased numbers at a slow and often variable rate. If normal motor NCS amplitudes can 
be recorded from weak or paralyzed muscles, a problem with the AHCs and the periph¬ 
eral motor nerve fibers derived from them can be excluded. This is particularly true if 
enough time has elapsed after onset of symptoms to exclude a proximal demyelinating 
conduction block from consideration. 

1.11.2 Neuropathies 

The electrodiagnostic examination is probably of greatest benefit to the clinician when it is 
used to assess patients with known or suspected disorders of the peripheral nerve fibers 
and their cells of origin. Abnormalities of these structures produce extremely variable 
electrodiagnostic findings, depending upon the particular component(s) of the PNS in¬ 
volved, their exact location (with focal lesions), the pathophysiology present, and the se¬ 
verity and duration of the process among other factors. Nonetheless, following the 
electrodiagnostic examination the clinician often can be provided with very useful infor¬ 
mation regarding the nature of the lesion (e.g., whether its probable pathophysiology is 
focal or generalized; if focal, its location, and severity). This information usually proves to 
be helpful in determining the necessity for additional diagnostic studies, in formulating 
the most appropriate approach to treatment, and in determining prognosis. 

Overall, with neuropathies, axon loss occurs much more frequently than does demyeli- 
nation. Hence, in NCS uniformly low amplitude or unelicitable motor and/or sensory re¬ 
sponses are encountered far more often than are slowed latencies and CVs, or marked 
variation in amplitudes on stimulating at different points along the same nerve (due to con¬ 
duction block). 

A capsule review of typical findings seen with disorders at different points along the 
peripheral neuraxis follows. 

Some diseases, such as poliomyelitis and amyotrophic lateral sclerosis (ALS, or Lou 
Gehrig / s Disease), progressively destroy the AHCs in the spinal cord. Tire most common 
electrodiagnostic presentation is one or more low motor NCS amplitudes with completely 
normal sensory NCS amplitudes, along with normal latencies and CVs. On NEE, fibrilla¬ 
tion potentials, fasciculation potentials, MUAP loss, and chronic neurogenic MUAP 
changes are often seen in widespread distribution (e.g., in multiple limbs). 

With single-root lesions (e.g., those caused by a pinched nerve or slipped disc in the 
neck or back), the axon loss is usually minimal to modest in degree. Consequently, the 
NCS typically are normal — the motor NCS because not enough fibers have been de¬ 
stroyed to reduce their amplitudes, and the sensory NCS because the abnormalities are 
occurring proximal to the DRG, thus sparing the peripheral sensory fibers. The diagnosis, 
therefore, rests on NEE findings — specifically, on demonstrating fibrillation potentials 
and/or chronic neurogenic MUAP changes solely in muscles innervated by the involved 
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root. With multiple compressive root lesions, particularly when contiguous roots are af¬ 
fected (e.g., the left L5 and SI roots), the motor NCS responses recorded from muscles 
supplied by the affected roots often are low in amplitude, but the sensory NCS remain 
normal. On NEE, fibrillation potentials, chronic neurogenic MUAP changes and promi¬ 
nent MUAP loss frequently are seen. 

Plexuses are the intricate networks of nerve fibers interposed between the roots and 
the proximal peripheral nerves. They are thus situated proximally at the base of the neck 
and within the pelvis. With plexus abnormalities, the most common pathophysiology is 
one of axon loss. Consequently, motor and sensory NCS are usually low in amplitude, 
while the NEE shows fibrillation potentials, MUAP loss, and suggestive chronic neuro¬ 
genic MUAP changes, depending upon the severity and the duration of the process. 

With individual peripheral nerve lesions, electrodiagnostic studies can confirm that ab¬ 
normalities are restricted to the nerve in question. The pathophysiology seen with the vari¬ 
ous mononeuropathies varies enormously. When studied early in their course (within 
approximately the first six to eight weeks after symptom onset), those that develop sud¬ 
denly usually are manifested as either demyelinating conduction block or axon loss. Focal 
demyelinating lesions due to a single episode of nerve damage tend to resolve within the 
first 12 weeks or so after onset, usually within the first 6 to 8 weeks. Consequently, if 
electrodiagnostic studies are being performed on more chronic isolated peripheral nerve 
disorders, demyelinating conduction block is seldom seen and, instead, the process typi¬ 
cally is completely that of axon loss. 

With slowly developing peripheral nerve abnormalities and with those that have been 
present for several months, axon loss is the most common process, although demyelinating 
conduction slowing is sometimes seen. An example of the latter is carpal tunnel syndrome, 
the chronic entrapment of the median nerve beneath the transverse carpal ligament at the 
wrist. Prolonged median motor and sensory latencies (distal and peak, respectively) are 
the characteristic findings. Similarly, some ulnar nerve lesions at the elbow are manifested 
primarily by motor conduction slowing, with or without associated axon loss. For most 
other chronic focal peripheral nerve problems, however, the pathophysiology consists 
solely of axon loss. Thus, fibrillation potentials are seen in the muscles innervated by the 
damaged motor nerve fibers and, depending on severity, MUAP loss and suggestive 
chronic neurogenic MUAP changes are present, and the amplitudes of the motor and sen¬ 
sory NCS are diminished. In general, both NCS and the NEE must be performed for opti¬ 
mal assessment. The NEE may be the only component of the basic electrodiagnostic 
examination that is abnormal, with mild axon loss lesions affecting individual peripheral 
nerves, and typically, it is vital for localization of them. For example, if the median motor 
and sensory NCS responses are ttnelicitable in a limb, but all the other NCS studies are nor¬ 
mal, the patient very probably has a median nerve lesion. Nonetheless, based on the NCS 
findings alone, the problem could be anywhere along the median nerve from its origin in 
the axilla down to the palm. However, the NEE may show abnormalities in all the muscles 
innervated by the median nerve in the forearm and hand, thereby indicating that the lesion 
is at or proximal to the elbow. 

Many patients have a generalized disorder of their peripheral nerves, or poly¬ 
neuropathy. These conditions have numerous causes. Some are inherited, but the majority 
are due to such diverse acquired entities as external toxins (e.g., arsenic), vitamin deficien¬ 
cies, or metabolic disturbances (e.g., diabetes mellitus; uremia). Characteristically, the 
nerves of the lower extremities are affected more severely than are those of the upper and 
the process is more severe distally than proximally in a limb. The electrodiagnostic studies 
usually can confirm that multiple peripheral nerves are involved in multiple limbs, that a 
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distal to proximal gradient of abnormalities is present, and that the underlying patho¬ 
physiology is axon loss, demyelination, or a mixture of both. 


1.11.3 Neuromuscular Junction Transmission 
Disorders 

Disorders of the neuromuscular junction (NMJ) may be located at the postsynaptic site 
(muscle end-plate) or the presynaptic site (nerve terminal). The most common disorder of 
NMJ transmission is myasthenia gravis, a postsynaptic disorder of the Ach receptor mol¬ 
ecules. Patients may show weakness of eyelids, ocular motility, speech, swallowing, neck 
muscles, and skeletal muscles of the extremities, including respiratory muscles. This is a 
disorder that expresses itself most clearly clinically and electrically in the fatigued state. 
The hallmark of the condition is the presence of Ach receptor antibodies directed against 
the Ach receptor molecules. These antibodies are detected in more than 90% of all 
myasthenia gravis patients. 

In normal individuals, slow repetitive (2 Hz) stimulation of a motor nerve trunk re¬ 
sults in uniform CMAPs recorded from the innervated muscle belly, reflecting the fact 
that every stimulus to the NMJ produces a maximal postsynaptic depolarization of the 
muscle fibers. This occurs in spite of the natural decline in Ach release at the presynaptic 
site, as the immediately releaseable pool of Ach is depleted. Enough Ach is always re¬ 
leased to produce threshold depolarization of the postsynaptic muscle membrane in nor¬ 
mal individuals (the so-called safety factor). 


Figure 1.66 — Effect of exercise on the action potential of the 
hypothenar muscles evoked by maximal stimulation of the 
ulnar nerve at the wrist: (a) Responses of a normal subject. 

(b) responses of a patient with generalized myasthenia gravis. 

(c) patient with the myasthenic syndrome associated with 
a small cell bronchogenic carcinoma. 

Exercise 3 sec later 2 min later 10 min later 
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In myasthenia gravis, normal amounts of Ach are released but the Ach receptors are 
limited in number. Thus, as the released Ach naturally falls in a series of stimuli, at some 
point the existing receptors are underexposed to Ach, depolarization of the muscle mem¬ 
brane ceases, and contraction of that muscle fiber ceases. When this effect is summated 
over all the muscle fibers of a muscle belly, some NMJs being more severely affected than 
others, the net effect is a declining amplitude of the CMAP in a train of electric stimuli 
(Figure 1.66). 

Brief forceful exercise produces a short-lived improvement in Ach release, thus repair¬ 
ing the safety factor and improving NMJ transmission. This phenomenon gives rise to a clas¬ 
sic EMG picture of myasthenia gravis: with stimulation at rest, a decremental response is 
seen (Figure 1.66b). After brief forceful exercise when a new series of stimuli is delivered, the 
pre-existing decrement is lessened or completely repaired. Within two to four minutes after 
the exercise, an exhaustion phase is reached, when less than normal release of Ach takes 
place, exaggerating the decremental response when stimulation is performed at that time. 

The NEE in myasthenia gravis shows a classic finding: motor unit instability. With re¬ 
petitive firing of the same MUAP, one sees a moment-to-moment change in morphology, 
showing loss of turns, return of turns, or change in amplitude of the whole potential (Fig¬ 
ure 1.67). This is the NEE correlate of decrement on repetitive stimulation. It reflects the in¬ 
termittent loss of the safety factor at individual NMJs, producing blocked transmission 
and dropout of the muscle fiber action potential for that moment. 


Figure 1.67 — Variation in motor unit potential amplitude 
in myasthenia gravis. 



The classic clinical example of a presynaptic defect of NMJ transmission is the Lam- 
bert-Eaton syndrome (LES). A recently identified antibody is thought to act at the active 
zone of Ach release, preventing normal Ach transmission. The safety factor is thus lost 
and decremental responses to repetitive stimulation occur. Ach release is so impaired that 
the hallmark of this condition is very low amplitude CMAPs at rest. Brief forceful exercise 
transiently improves Ach release and increases the CMAP amplitude (Figure 1.66), due to 
calcium flux into the nerve terminal, a normal physiological event which facilitates Ach 
release. The EMG diagnosis of this condition depends on the identification of a low 
CMAP amplitude at rest following a single stimulus to the nerve trunk. After brief force¬ 
ful exercise, a repeat single stimulus yields a CMAP amplitude at least 100% higher than 
the original. In patients unable to give strong exercise, tetanic repetitive stimulation at 20 
PIz to 50 Hz can produce the same amplitude increase (Figure 1.68). 
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Figure 1.68 — Thenar muscle potential elicited by a train of 
stimuli 1 to 20 per second to the median nerve in a patient 
with the myasthenic syndrome. 



Concentric NEE and SFEMG show the classic features of defective NMJ transmission: 
MUAP instability and increased jitter, respectively. 

1.11.4 Myopathies 

Myopathies refer to the heterogeneous group of disorders that primarily affect muscle. 
These disorders range from severe inherited diseases of muscles, such as Duchenne mus¬ 
cular dystrophy, to the relatively mild myopathies associated with endocrine distur¬ 
bances, such as steroid myopathy. The type of EMG findings encountered in the various 
myopathies depends largely on the pathology of the individual myopathy. Typically, sen¬ 
sory and motor NCS are normal. Notable exceptions are those rather severe myopathies 
associated with muscle cell degeneration and replacement with connective tissue. By vir¬ 
tue of damage to the muscle itself, motor NCS may display low amplitudes. However, 
distal latencies and motor conduction velocities remain normal. The myopathies that may 
produce such alterations in motor NCS include the muscular dystrophies and severe 
forms of myositis. 

The principle EMG findings in myopathy are noted on the NEE. In those myopathies 
associated with muscle cell degeneration or necrosis, abnormal spontaneous activity can 
be recorded. In particular, fibrillation potentials are noted in these necrotizing 
myopathies, such as the progressive muscular dystrophies and myositis. The mechanism 
of fibrillation potentials in myopathy has been attributed to segmental necrosis of muscle 
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Figure 1.69 — (a) Motor unit potentials in Duchenne muscular 
dystrophy, (b) interference pattern at maximum voluntary 
contraction. 
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fibers that isolates part of the muscle fiber from its innervation. Thus, the muscle fiber be¬ 
comes myopathically denervated. Fibrillation potentials in myopathies tend to occur in 
the axial and most proximal muscles first and are later noted in the more proximal limb 
girdle muscles, and sometimes in distal muscles. On some occasions fibrillation potentials 
are only encountered in the paraspinal muscles. In some necrotizing myopathies, such as 
inclusion body myositis, distal muscles may be preferentially involved, and thus the dis¬ 
tribution of the fibrillation potentials follows the pattern of clinical involvement. Other 
forms of abnormal spontaneous activity, including myotonic discharges and complex 
repetitive discharges, may also be recorded in myopathies. Myotonic discharges are most 
prominent in the myotonic disorders such as myotonia congenita, myotonic dystrophy, 
and para-myotonia congenita. Myotonia, however, may also be seen in hyperkalemic pe¬ 
riodic paralysis, adult acid maltase deficiency, hypothyroid myopathy, chloroquine 


86 








Spacelabs Medical: ELECTROMYOGRAPHY/ELECTROENCEPHALOGRAPHY 

■——— 


myopathy, diazocholesterol poisoning, and in some cases of polymyositis. Complex re¬ 
petitive discharges may also be seen in the chronic myopathies, particularly muscular 
dystrophy and polymyositis/dermatomyositis. 

The cardinal EMG features of myopathy are alterations in the morphology of the 
MUAP (Figure 1.69). Myopathies produce several alterations in MUAP morphology 
including a reduction in the duration, a decrease in amplitude, and an increase in the 
number of phases. These alterations appear to result from a random loss of muscle fibers 
and the variability of cross-sectional diameter of muscle fibers that typically occurs in 
myopathic disorders. Specifically, the increased polyphasia of the MUAPs may be related 
to loss of synchrony of firing of the individual muscle fibers within the motor unit. This 
may stem from variation in fiber size and altered muscle fiber conduction velocities. These 
MUAP alterations are preferentially recorded in the clinically affected muscles, typically, 
the axial and proximal muscles. 

In addition to the alteration in morphology of the MUAP, interference and recruit¬ 
ment patterns may also be affected. In clinically weak muscles, early recruitment of 
MUAPs that is disproportionate to the degree of force generated may be observed. This is 
caused by the reduced size of muscle fibers and the reduced number of muscle fibers 
available to contribute to the force of contraction. 

The typical alterations of the MUAP that occur in myopathies are nonspecific. Thus, it 
is strongly discouraged to use terms such as myopathic motor unit action potentials in re¬ 
ferring to short duration, small amplitude, polyphasic MUAPs. Similar MUAP alterations 
may be seen as a consequence of reinnervation, demyelination of terminal nerve fibers in 
acquired demyelinating polyneuropathies, and disorders of neuromuscular transmission 
such as myasthenia gravis. 
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2.0 


ELECTROENCEPHALOGRAPHY 


The electroencephalogram (EEG) represents a technology that provides a real-time win¬ 
dow of information on brain function. It transforms the minute electrical signals arising 
from synaptic activity in the brain into waveforms that map this activity over the surface 
of the skull. Unlike computer-aided tomography (CT) or magnetic resonance imaging 
(MRI), EEG records brain function, not its structure. It plays an important role in the diag¬ 
nosis of diseases that affect the cerebral hemispheres such as epilepsy, stroke, tumors, in¬ 
fection, degenerative illnesses, and delirium. It is also used to investigate brain function in 
a variety of states, such as sleep sedation/anesthesia, coma, cognition, and as supportive 
evidence in the determination of death. 

Over the past decade, the field of electroencehalography has flourished, providing cli¬ 
nicians with an impressive array of new technology to look directly at brain activity with¬ 
out the limitations of multiple-pen strip-chart recorders and signal distortion caused by 
the meninges, skull, scalp, and cerebrospinal fluid. Digital paperless EEGs allow investi¬ 
gators to sample brain activity over a broad spectrum of frequencies, manipulate these 
signals mathematically, and quantify temporal and frequency spectrum data for objective 
monitoring of brain function. Intracranial monitoring with electrodes implanted directly 
on the cortical surface, or inserted in the brain via depth wires, are reshaping our ideas on 
the generation of cerebral activity. These techniques allow mapping and localization of 
brain signals that are undetectable by the traditional scalp EEG. Electrical brain stimula¬ 
tion through these electrode arrays permits mapping of cortical function, a technique 
widely used in research and in conjunction with intracranial monitoring for the surgical 
treatment of epilepsy. 

Evoked potentials (also called EP or evoked responses) provide information that 
complements the EEG. Evoked potential techniques map conduction of neuronal activity 
along neuroanatomical pathways in the peripheral nervous system (PNS) and central ner¬ 
vous system (CNS) in response to stimuli. The functional integrity of these pathways can 
be assessed, helping clinicians recognize disease states that interfere with conduction in 
particular places along these pathways. The signals measured by EP are very small and 
are detectable only by signal-averaging hundreds or thousands of responses to rapidly re¬ 
peated stimuli. Examples of clinically useful EPs include: visual evoked potentials (VEP), 
which measure conduction along the visual pathways; brain stem auditory evoked poten¬ 
tials (BAEP), which test the integrity of the auditory pathways; and somatosensory 
evoked potentials (SSEP), which measure conduction over a distance of up to several 
meters between peripheral sensory nerves and the cortical neurons in the brain which per¬ 
ceive their stimulation. 

Together, EEGs and EPs provide an expanding window on brain function. The fol¬ 
lowing section presents the basic principles behind these technologies, techniques for their 
application, and a brief discussion of their use in clinical and research science. 
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Figure 2.2 — Diagram of synaptic tree of cortical cell. 
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2.1 The Living Cell as an Electrical Generator 

2.1.1 The Source of Elecitroencephalographic 
Potentials 

Neurons communicate with each other through synapses, the spaces between one nerve 
cell and the beginning of another (Figure 2.1). Synapses include the presynaptic terminal 
of one cell, which in response to an action potential conducted along its length, releases 
small vesicles containing neurotransmitters that, in turn, bind to the membrane of the 
postsynaptic terminal of the target cell. This causes a change in membrane potential of the 
target neuron. Synapses can be excitatory, increasing target membrane potential (depolar¬ 
ization), or inhibitory, decreasing target membrane potential (hyperpolarization). In the 
brain, neurons may be stimulated by large numbers of synapses simultaneously (Figure 
2.2). Changes in membrane potential from this activity are summed in the body of the tar¬ 
get neuron (axon hillock region), resulting in postsynaptic potentials (PSPs) that are con¬ 
stantly changing. When membrane potential increases beyond some threshold value, ion 
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Figure 2.3a — Ion channels, cycle of depolarization. 


Synaptic vesicles 
contain 

neurotransmitters 

(NTs) 



Ca 2+ 

Ion channels 
gated by NT 
receptors 



Presynaptic terminal 


Presynaptic 
action potential 

Receptors 


Post synaptic 
terminal 

Increased presynaptic 
Ca 2+ permeability; 

Ca 2+ influx 



oooo 


Release of transmitter by 
exocylosis of vesicles 





Reaction of 
transmitter with 
postsynaptic 
receptors 


Ion channel- 
receiver 


oooo 


complex 



Activation of synaptic 
channels: synaptic current 
produces postsynaptic 
potential 





Postsynaptic 
action potential 



91 






Figure 2.3b — Ion channels, cycle of depolarization. 
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Figure 2.4 — Action potentials and post synaptic 
potentials. 
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Figure 2.5 — Dipole figure from AEEGS. 
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channels in the target cell membrane open, allowing the influx of sodium and calcium 
ions, and slightly later, an efflux of potassium ions, which results in the generation of an 
action potential. The action potential depolarizes the target cell, causing it to release neu¬ 
rotransmitters from its presynaptic terminals onto other cells (Figure 2.3b). The cycle then 
begins again after a brief recovery period during which ion balances are restored. 1 

Changes in membrane potential can be measured inside the cell with thin glass needle 
electrodes, in the extracellular space or on the surface of the volume containing the cellular 
preparation. Single sharp waves on the EEG are generated by PSPs from a large number 
of pyramidal neurons in layers three and five of the cerebral cortex thought to contain 
hundreds or thousands of neurons. The PSPs from these cells are summed together in the 
extracellular fluid around them and conducted through the volume of brain, cerebrospi¬ 
nal fluid (CSF), blood, bone, muscle, and skin that comprise the head, and into electrodes 
connected to the EEG machine. Individual action potentials are of higher voltage and gen¬ 
erate larger peak currents than do individual PSPs. However, action potentials are short in 
duration and asynchronous; i.e., they do not occur exactly at the same time. This causes 
their effects to cancel each other rather than sum together, as do the longer duration PSPs. 
For this reason action potentials are not directly seen on the EEG (Figure 2.4). 2 ' 3 

2.1.2 Dipoles and the Localization of 
Encephalographic Activity 

Postsynaptic potentials that underlie EEG activity are synchronous, with a duration long 
enough to form carge separations that approximate dipoles. A dipole is composed of two 
equal and opposite charges separated by a small distance (Figures 2.5 and 2.6). By assum¬ 
ing that discrete EEG potentials arise from dipole sources (dipole approximation), genera¬ 
tors of this activity can often be localized in the brain by using numerical methods of 
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Figure 2.6 —Dipoles made up of groups of pyramidal 
cells in cortex cause deflections on the surface EEG. 
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successive approximation (Figure 2.6). 4 The localization of a dipole source based solely 
upon the EEG it generates is called the inverse problem. Numerical methods are used be¬ 
cause no one has yet devised a unique analytical solution to the inverse problem. Localiza¬ 
tion algorithms may assume that the head is a uniform spherical conductor and that EEG 
activity arises from point sources in the brain, both large assumptions that can lead to sig¬ 
nificant errors in source localization. Despite their flaws, approximate solutions to the in¬ 
verse problem often provide useful clinical information. Finding a unique solution to the 
inverse problem is one of the great challenges facing neuro-electrophysiologists today 
(Figure 2.7). 5 
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Figure 2.9 — Figure from Cooper, electrode responses/ 
properties. 
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2.2 Electrodes 

2.2.1 Noninvasive Electrodes 

Standard noninvasive EEGs record the potential difference, or voltage, between two loca¬ 
tions on the head, usually on the scalp or between one location on the head and a distant 
reference electrode. EEG signals usually range between 50 to hundreds of pV, with cur¬ 
rents of several |iA. Signals travel from the head to EEG machines via a number of differ¬ 
ent types of electrodes coupled to the scalp, or tissue of contact, in a circuit that has its own 
resistance, capacitance, and frequency-dependent impedance (Figure 2.8). The electrode¬ 
tissue interface consists of two layers of ions that allow electrons to pass from one side to 
another. Nonpolarized, or reversible, electrodes are composed of either noble metals like 
platinum, or from (or coated with) substances, such as silver chloride, that allow free ex¬ 
change of ions with the salt-rich fluids surrounding body tissues. When contacting tissues, 
these nonpolarized electrodes have low electrode potentials; i.e., they pass little net cur¬ 
rent from electrode to solution, aside from the EEG signal. 

Nonpolarized electrodes, in general, reproduce EEG signals more accurately than do 
electrodes that may become polarized. Polarized electrodes can have large electrode poten¬ 
tials compared to EEG signals. In the absence of an EEG signal, the electrode potentials 
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may pass substantial net currents into electrolyte solutions, which are large compared to 
signals measured by the EEG. This may cause substantial direct current signals that must 
be filtered out. While all electrodes can have some filtering effects on the EEG, 
nonpolarized electrodes may themselves have significant low-frequency filtering effects. 
The effect of different electrode materials on reproduction of a square-wave signal is 
shown in Figure 2.9. 6 

The usual noninvasive electrodes are shown in Figure 2.10. 7 

n Cup electrodes - Used for most routine recordings, cup electrodes comprise 4 mm to 
10 mm-diameter chlorided platinum, gold or tin discs coupled to the scalp by a con¬ 
ducting paste or gel. The skin is first scrubbed with an abrasive compound to promote 
good electrical contact. 

k Subdermal electrodes - Fine metal needle electrodes, 10 mm long and 0.5 mm wide, 
made from stainless steel or platinum, are inserted under the scalp (usually in uncon¬ 
scious patients) after cleaning the region with a presurgical scrubbing compound. 

u Clip electrodes - Cup electrodes filled with conducting gel or paste, clipped to the ear 
lobes for referential recording. 

2.2.2 Invasive Electrodes 

The following electrodes, although somewhat invasive, are used in conjunction with scalp 
electrodes to detect signals from the inferior frontal or mesial temporal regions, areas that 
are often silent or poorly recorded on scalp EEG. The ability of these electrodes to detect 
seizure activity not seen on regular scalp EEG justifies the invasive procedures required 
for their insertion. 

■ Nasopharyngeal electrodes - Made from 10 cm to 15 cm-long segments of flexible in¬ 
sulated wire with an uninsulated 2 mm tip, the S-shaped electrodes are inserted into 
the nasopharynx and rotated outward to their position within 2 cm of the anterior 
mesial surface of the temporal lobes. These electrodes are rarely used for long-term 
monitoring because they are uncomfortable, show substantial respiratory artifact, and 
are poorly tolerated for longer than a brief outpatient recording. 

■ Tympanic electrodes - Thin stainless steel insulated wires with a 7 mm stainless steel, 
gold or platinum ball wrapped in felt at the end, are soaked in conducting solution and 
then inserted into the external auditory canal until the patient senses mild discomfort. 
The electrode is useful for recording from the mesial temporal lobes, but is rarely used. 

■ Sphenoidal electrodes - Thin, insulated stainless steel wires inserted into the tempo¬ 
ral and masseter muscles between the zygoma and sigmoid notch of the mandible 
(about 1 cm in front of the ear lobe) to record from the anterior tip of the temporal 
lobe. These electrodes penetrate the skin so that the tip rests lateral to the foramen 
ovale at the lateral pterygoid plate. 8 Sphenoidal electrodes are the most commonly 
used invasive electrodes in inpatient epilepsy monitoring units because they are usu¬ 
ally well-tolerated for days at a time and often detect temporal lobe spikes not seen on 
scalp EEGs. 
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Figure 2.11 — Drawing of patient in a 24-hour video and 
EEG monitoring unit. 
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■ Foramen ovale electrodes - Teflon-insulated, fine silver wires mounted on an insulated 
introducing wire that is inserted through the cheek, lateral to the corner of the mouth 
and under local or general anesthesia. The wire is advanced until it penetrates the sub¬ 
arachnoid space through the foramen ovale. These electrodes may have potentially in¬ 
creased sensitivity for temporal lobe discharges, but the technique is relatively invasive. 

2.2.3 Intracranial Monitoring 

Intracranial electrode arrays allow monitoring of cortical discharges directly from the brain 
without the distorting effects of the CSF, high-resistance skull, scalp, or dura. These tech¬ 
niques form the foundation of the modem surgical treatment of epilepsy. At first, invasive 
monitoring was performed only in the operating room at the time of surgery. Patients were 
anesthetized, sometimes lightly enough to allow them to respond to commands. Cotton 
wick electrodes were placed directly on the surface of the brain to map areas responsible 
for seizure activity. This procedure is called electrocorticography. Epileptogenic areas were 
then resected, with some attention given to sparing regions neuroanatomically known to 
serve vital functions, such as movement, sensation, vision, and speech. 5 

With the invention of new systems of implantable electrodes, patients now have ar¬ 
rays of electrodes implanted in an initial surgery, they are monitored for a period of days 
to weeks while the patient remains in the hospital (Figure 2.11). During this time, seizures 
are recorded and mapped to regions covered by the implanted arrays. Small currents are 
sometimes passed through adjacent pairs of electrodes (in subdural grids and strips only) 
while patients attempt to perform various motor, sensory, language, visual, and cognitive 
tasks. If these tasks are interrupted by the brain stimulation then that particular function is 
localized to the position of the stimulating electrode. Responses are recorded, mapping vi¬ 
tal brain functions, and compared to the map of sources of seizure activity. During a sec¬ 
ond surgery, the electrode arrays are removed, along with epileptogenic tissue, sparing 
regions identified as critical areas by functional mapping. 9 

Intracranial monitoring techniques have improved success rates for the surgical treat¬ 
ment of epilepsy in appropriate candidates and have revealed a wide range of electrical 
activity in the brain that was previously undetectable by scalp EEG. These methods have 
demonstrated a large amount of variability in the location of vital cerebral functions, such 
as motor activity, sensation, language, and vision. Intracranial monitoring does have limi¬ 
tations, however, in that implanted electrodes sample only from regions adjacent to them, 
and may incorrectly localize epileptic sources due to sampling error. 

The following brief summary discusses the most commonly employed intracranial 
electrodes and their intended use (Figure 2.12): 10 

u Depth wires - These arrays of stainless steel, gold, or platinum wires of different length 
are introduced into the brain stereotactically, with the help of a three-dimensional head¬ 
holding frame mounted onto the patient who is positioned in a CT scanner. Wires are 
placed through burr holes in the skull using a number of different strategies. In one 
commonly used technique, patients have three pairs of depth wires implanted, one 
each in the frontal lobes, hippocampi, and amygdala bilaterally. Different length wires 
in each insulated bundle allow simultaneous monitoring from deep structures, inter¬ 
vening white matter, and superficial cortical areas. These electrodes are often used for 
seizure localization when the scalp EEG is not diagnostic, particularly to determine the 
location of seizure onset, which seizure source is firing first, and from which side of the 
brain it fires. 11 
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Figure 2.13 — Diagram of stimulation map. 
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■ Subdural strips and grids - These arrays of flat, 3 mm platinum or stainless steel discs 
are spaced 1 cm apart (on center) and imbedded in a sheet of plastic. The arrays are im¬ 
planted directly on top of cortical regions of interest. Commonly used configurations 
include eight-by-eight grids (64 electrodes) and two-by-eight strips (16 electrodes), 
though other configurations are available. Grids and strips can be placed over many re¬ 
gions of clinical interest, including inferior frontal and basal temporal structures and in 
the interhemispheric fissure. Subdural electrodes are frequently used to conduct brain 
stimulation studies, to localize cerebral function, and to monitor a variety of EPs. Mov¬ 
able subdural grids have replaced arrays of cotton wick electrodes in electrocor- 
ticography in many institutions (Figures 2.13 and 2.14). 

■ Epidural electrodes - These sterilized peg or disc electrodes are implanted in the epi¬ 
dural space for monitoring. Their placement is slightly less invasive than the subdural 
electrodes, but the range of their placement is limited and they are not usable for brain 
stimulation because stimulation next to the dura usually causes pain. 

2.3 Impedance Checking 

The impedance of each electrode measures the quality of contact between the electrode 
and the tissue from which it is recording. High impedance indicates poor conductance of 
EEG signals. Impedance checking is used to determine which electrodes must be reap¬ 
plied by the EEG technician. High-impedance electrodes detect low-amplitude noise sig¬ 
nals more readily and are more likely to distort physiological signals. Accepted EEG 
standards require all electrode impedances to be checked at the beginning and the end of 
each recording and periodically when extended EEG recording is necessary (e.g., for 
hours or days at a time). 12 This accomplished through the electrode test switch which 
passes a small alternating current through each electrode and into the recording system 
(0.035 jiA, 30 Hz sine-wave in the Grass Model 8 EEG machine). This small test current 
passes through the patient, but is felt to be too small to have any physiological effect, even 
when using intracranial electrodes. In most cases, the goal is to have impedances of less 
than 5,000 Q, though in certain circumstances impedances of 10,000 Q are acceptable if the 
impedances are similar in all electrodes paired together. In scalp recording, high electrode 
impedances may often be corrected by cleaning the skin with an abrasive cleaner, apply¬ 
ing a new layer of conducting paste, or replacing the electrode. Other causes of high im¬ 
pedance include broken or frayed wires, faulty connectors, and machine malfunctions. 
High impedance in invasive electrodes usually relates to poor tissue contact, often because 
of suboptimal electrode placement or blood or other tissues or fluids interfering with the 
electrode-tissue interface. These problems are often not repairable without removing and 
replacing invasive electrodes, such as depth wires or subdural grids. Figure 2.15 shows 
the appearance of the output from sample electrode test channels with normal and high- 
resistance electrodes. 

2.4 Instrumentation 

Figure 2.16a illustrates a modern EEG machine with both analog and digital components 
(digital EEG is discussed below). Electrodes are electrically coupled to the brain or scalp 
by the appropriate conducting interface, as described above. They then plug into a jackbox 
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Figure 2.15 — Electrode test and EEG with high 
impedance channels. 



16 KQ 


(also called a headbox) which conducts EEG signals to the EEG machine through a large 
multiconductor cable. Figure 2.16b depicts an analog 10 channel Grass EEG machine, one 
of the industry's standards in analog technology. 

2.4.1 Montages 

EEG electrodes are arranged on the scalp according to a standard, known as the 10-20 sys¬ 
tem, adopted by the American EEG Society. 12 This system calls for placement of electrodes 
at distances of 10% and 20% of measured coronal, sagittal, and circumferential arcs be¬ 
tween landmarks on the cranium (Figure 2.17a). Electrodes are named according to their 
position on the head: Fp for frontal-polar, F for frontal, C for central, P for parietal, T for 
temporal, O for occipital. Odd numbers refer to electrodes on the left side of the head, 
even numbers to those on the right, and Z denotes midline electrodes. One electrode is la¬ 
beled isoground and is placed at a relatively neutral site on the head, usually the midline 
forehead. A new montage convention has recently been introduced in which electrodes 
are spaced at 5% distances along the cranium. These electrodes are called closely spaced 
electrodes and have their own naming convention (Figure 2.17b). 

EEG signals are transmitted from electrodes to the headbox, which is labeled accord¬ 
ing to the 10-20 system, and then to the montage selector. The montage selector on analog 
EEG machines is a large panel containing switches that allow the user to select which elec¬ 
trode pairs will have signals subtracted from each other to create an array of channels of 
output called a montage. Each channel is created in the form of the input from one electrode 
(called grid 1) minus the input from a second electrode (called grid 2). Montages are either 
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bipolar (made by the subtraction of signals from adjacent electrode pairs) or referential 
(made by subtracting the potential of a common reference electrode from each electrode 
on the head). In order to minimize noise, a separate reference is often chosen for each side 
of the head; for example, the ipsilateral ear. Bipolar and referential montages contain the 
same basic information that is transformable into either format by simple subtraction as 
long as all electrodes, including reference, are included in both montages and linked to 
one common reference. Many modern digital EEG machines record information referen- 
tially, allowing easy conversion to several different bipolar montages. Figure 2.18 shows 
some standard montages that may be mixed together for EEG recording. Figure 2.19 
shows an example of remontaging, changing 16 channels of EEG channels between bipo¬ 
lar and referential montages. 

The advantage of recording EEG in several montages is that each montage displays 
different spatial characteristics of the same data; e.g., how the potentials compare on the 
right versus left sides of the head or front to back. Referential montages best illustrate how 
a given potential is distributed over a large area of the scalp. Tire waveforms in each chan¬ 
nel appear similar in this montage, but amplitudes vary with position. Peak activity can be 
localized to the channel in which the amplitude of activity is maximal. (Note: Amplitude 
is used here as a rough estimate of the gradient of the field mapped over the scalp. The 
potential is maximal where the peaks of the gradient fields are located.) Careful selection 
of the reference electrode is vital to good recording. If it is near the EEG activity, of interest, 
the reference is said to be active or contaminated. All channels in the montage record the 
activity prominently, making localization difficult. Some disadvantages of referential re¬ 
cording include the fact that no single reference is appropriate for every situation. The re¬ 
cording montage must be changed, at times, depending upon what is being recorded. If 
the reference electrode is of high impedance, improperly placed, or disrupted, all of the 
EEG data for that montage is lost. Some adjustments used by electroencephalographers to 
minimize reference effects on the EEG include the placement of noncephalic references, 
common average references (taken by averaging the signals from all electrodes in the 
montage), weighted average references, and placement of the reference electrode at par¬ 
ticular quiet sites, such as the mastoid processes, nose, or ears. 

Bipolar montages measure the gradient of electrical potential on the head and aid in 
fine localization. For example, a bipolar montage may demonstrate exactly between which 
two electrodes the peak of potential is located. When the peak of potential passes beneath a 
bipolar chain of adjacent electrodes, a change in polarity and a phase reversal occur. These 
changes consist of a positive deflection in one channel and a negative deflection in an adja¬ 
cent channel. The peaks of activity in each channel point at each other, localizing the peak 
of potential to the electrode in common between the two channels. For an example of a 
phase reversal localizing an epileptiform discharge, see Figure 2.30b, where the phase re¬ 
versal over the F7 electrode identifies this region as the focus at the discharge. Standard 
EEG recordings should contain at least one section recorded in a longitudinal bipolar mon¬ 
tage, one section in a transverse bipolar montage, and one section recorded in a referential 
montage. Examples of some standard montages and their output for a sample signal are 
displayed in Figure 2.19. 13 
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2.4.2 Amplifiers 

Electrode signals are conducted to EEG amplifiers from the montage selector. The ampli¬ 
fiers are multicomponent devices that perform several important functions. First, the pair 
of electrodes set up in the montage selector panel are actually subtracted, with the result¬ 
ing signals sent to an amplification stage that multiplies the voltage of the input signal. 
The amount of amplification is measured as the ratio of output voltage to the input volt¬ 
age (V out /V in ). Referred to as the gain of the amplifier, this is measured in dB. Gain in dB is 
defined as = 20 x log (V out /V in ). A tenfold amplification would then be equal to a gain of 20 
dB. Since EEG amplifiers are differential amplifiers (they subtract two input signals and 
amplify their difference), a more important measure of their amplification is the common 
mode rejection ratio, or CMRR. The CMRR is defined as the amplification of the difference 
input divided by the amplification of the common input. It is measured by putting a sig¬ 
nal into one input of the amplifier, with the other input connected to ground, and dividing 
this amplitude by the amplitude of the output voltage when the same signal is put into 
both amplifier inputs. Quality EEG amplifiers have CMRRs of greater than 10,000. 
CMRRs of 100,000 or more are common in other types of biological amplifiers. Amplifiers 
also have a dynamic range, that is a range of voltage that they can amplify and still faith¬ 
fully reproduce variation in the signal. Voltages below the dynamic range will be lost in 
amplifier noise. Voltages higher than the dynamic range will saturate amplifiers, causing 
distortion in the signal and perhaps damage to the amplifiers. Typical CMRR amplification 
gains for EEG machines range from 5,000 to 100,000. Most electroencephalographers speak 
of amplifier gain in relation to its sensitivity to the EEG signal, measured in either mV/cm 
or gV/mm. The standard sensitivity for adult recordings is usually 7 gV/mm. Maximum 
sensitivity on standard EEG machines is 1 gV/mm. 

After amplification, the signal from each channel is then passed through a voltage di¬ 
vider circuit that further adjusts the amplitude of the signal according to the settings of the 
sensitivity switch for each channel. The settings on these switches are altered by EEG tech¬ 
nicians as necessary during recording so that tracings from individual channels are large 
enough to read easily but not so large that they run into the tracings of adjacent channels 
or clip the signal. As the sensitivity is set lower, the amplitude of the signal output to pa¬ 
per or computer screen is increased. Figure 2.20 shows a schematic of the voltage divider 
circuit used in standard EEG machine sensitivity switches. Figure 2.21 demonstrates the 
effect of changes in sensitivity on a typical EEG tracing. 7 

2.4.3 Filters 

After amplification, each channel of EEG is passed through a series of filters designed to 
reduce sources of noise and artifact while sparing clinically important information as 
much as possible. Filters are made from combinations of resistors, capacitors, and, some¬ 
times, using amplifiers as active filters. Typical EEG filters remove low frequencies (high- 
pass filters), high frequencies (low-pass filters), or specific frequencies (notch filters). 
Filters are defined by a number of characteristics, such as cut-off frequency (the frequency 
at which input amplitude is reduced by approximately 30% at output), roll-off [how 
"steeply" the filter attenuates input as a function of frequency (measured in dB octave)], 
and the filter frequency response curve (how the filter response varies with frequency). 
Basic principles of filters are shown in Figure 2.22. EEG filters should minimize amplitude 
and phase distortion. One such filter design, a Butterworth filter, is often used. 
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Figure 2.19 — Vertex waves in stage II sleep in several 
different montages (Sen = sensitivity, LF = low frequency 
setting, HF = high frequency setting, Notch-Out = notch 
filter is off, PS = paper speed in mm/sec). 
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Figure 2.19 — continued 
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Figure 2.20 — Voltage divider circuit, used in the EEG 
machine sensitivity switch. 



Figure 2.21 — Same EEG with different sensitivities. 
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Filter settings are very important to the recording and interpretation of the EEG. For 
example, low-frequency oscillations from sweat artifact can be filtered out by low-fre¬ 
quency filtering (e.g., 1.0 Hz low-frequency cut-off). High-frequency muscle artifact can be 
reduced by high-frequency filtering (e.g., high-frequency cut-off at 35 Hz). The 60 Hz in¬ 
terference from power lines can be minimized by turning on the 60 Hz notch filter. 

Improper filter settings can filter out vital information. For example, seizure dis¬ 
charges can be filtered out if high-frequency filters are set to remove muscle artifact. Filters 
shift EEG signals in time (phase shift), which may be important when trying to line up 
peaks in the EEG tracing. Typical low-frequency filters, depending upon the type of filter 
design used, advance a sinusoidal input signal by about 1 /8 of a cycle at the cut-off fre¬ 
quency (phase shift of pi/4 or 45 degrees), and similar standard high-frequency EEG fil¬ 
ters cause a delay of 1/8 of a cycle at the cut-off frequency (Figure 2.22d). 6 Figure 2.23 











Figure 2.23 — Filtering effects on a section of EEG. 
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demonstrates some effects of filters on sample EEG output. The typical frequency range of 
standard EEG machines is from 0.1 Hz to 70 Hz, though newer machines allow the detec¬ 
tion and filtering of frequencies up to several hundred Hz. This may have importance in 
some intracranial recordings. Another common artifact produced by filters is ringing. This 
comes from oscillations in filter output when subjected to sufficiently sharp inputs. These 
inputs provoke damped oscillations that can be mistaken for rhythmic brain activity. 

2.4.4 Calibration 

To ensure proper filter settings and uniform response, a calibrated square-wave input is 
sent through each channel via a built-in circuit. Calibration is performed at the beginning 
and end of each record, ensuring that the technician and reader set correct filters and sen¬ 
sitivities and that the pens are properly aligned. Figure 2.24 shows the same 50 (TV calibra¬ 
tion signal passed through four different frequency filters. Calibration is still performed in 
newer digital EEG machines. However, this is often performed by internal software using 
a known calibration signal. 
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2.4.5 Chart Recorders 

After filtering, montaged EEG signals are then output to a strip chart recorder that consists 
of a series of pivoting pens coupled to galvanometers, one set for each channel, that move 
up and down in a smooth, continuous (analog) arc in response to voltage changes. Pens 
print EEG onto standard paper that, when run at the standard speed of 30 mm/second, 
displays 10 seconds of EEG per page. The paper has dark vertical lines marking each sec¬ 
ond at this standard speed and lighter vertical lines marking every 200 ms. The EEG con¬ 
vention is to record positive voltage changes as downward waves and negative voltage 
changes as upward waves. Strip chart recorders also have a frequency response limited to 
approximately 90 Hz, due to a fixed mechanical response time of the pens and because the 
pens move in an arc rather than up and down. A number of artifacts may result from 
these limitations; for example, an arc is printed on paper rather than a vertical line in re¬ 
sponse to a very fast change in voltage. 

2.5 Digital Electroencephalography Technology 

With the widespread use of high-speed digital technology and analog-to-digital converters 
(A - D converters), analog EEG technology is rapidly being overtaken by digital computers. 
Digital EEG allows quantitative manipulation of EEG data, permits flexible filtering and 
multiple montages to be employed for a single data set, and employs frequency analysis 
and powerful data display, such as topographic display of EEG power spectra. 

The first generation of digital EEG machines are essentially the same as analog ma¬ 
chines up to the point at which the electrical signal is sent to the strip chart recorder. At this 
point, signals are passed to an A-D converter. This device samples the voltage and holds a 
numerical value for each channel many times per second (first-generation devices sample 
around 200 samples per second or 200 Hz) and then stores the numerical value for the volt¬ 
age at each time on a computer storage medium, such as a hard disk drive, floppy disk, op¬ 
tical disk, or magnetic tape. Analog to digital converters are usually available as circuit 
boards that plug into most commercially available computers. They are distinguished by 
their design for data sampling, the number of input channels, the resolution of each chan¬ 
nel, and the throughput of the converter. Strategies for data sampling range from boards 
that sample each channel in turn, and stagger them in time (it takes at least a few ms to col¬ 
lect and transfer each sample), to sample-and-hold devices which sample sequentially and 
then align data points in time, to devices that sample all channels simultaneously. 

Converter resolution is a function of how may bits the converter uses to resolve the 
signal. The more bits a converter has, the higher its voltage resolution (precision). Most 
A-D converters have an 8- or 12-bit precision. A bit is a numerical place in the binary sys¬ 
tem. A 4-bit converter allows a numerical resolution of ±2 4 . Like filters, A-D converters 
have a dynamic range and require that input signals be within a certain span of voltages. 
For example, if a 12-bit A-D converter can accept input voltages between -1000 uV and 
+1000 pV, it can divide the 2 mV dynamic range into 4096 segments, having a resolution 
of 2/4096 = 0.488 pV. This does not mean that a sinusoidal EEG signal of 0.488 gV can be 
resolved. The total number of samples a converter can store per second, including all 
channels, is called the converter throughput. For example, an A-D converter with a 
throughput of 10000 samples per second might be used to sample and store 10 channels of 
data at 1000 Hz each, or 2 channels of data at 5000 Hz each. The total throughput is the 
same in both cases. Throughput, usually a limitation imposed by hardware, is a function 
of all of the items mentioned above and the time required for a single-sample, hold-and- 
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Figure 2.26 — Simple diagram of aliasing. The 80 Hz 
signal is sampled too slowly, giving the appearance of a 
20 Hz signal when the points are connected. 
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record operation. In general, the higher the throughput and the greater the precision of an 
A-D converter, the greater the cost. In practice, the main factor that limits the collection of in¬ 
formation in digital EEG is storage capability. Typical digital systems store 20 channels of 
EEG sampled at 200 Hz per channel. This corresponds to 4000 numbers per second. If each 
number is represented as 2 bytes of storage, this is 8000 bytes per second. A typical 30- 
minute EEG would then contain 144x10 5 bytes, or 14.4 million bytes (14.4 Megabytes) of in¬ 
formation. Because of this storage requirement, optical or tape drive storage mediums are 
necessary. This points out another advantage of digital EEG: it is cheap, reliable, and does 
not create the enormous paper waste that results from standard paper EEG records. In addi¬ 
tion, the high rate of data transfer from A-D hardware to computer disk storage (e.g., hard 
disk drive) is another factor that limits the amount of data that can be acquired per second. 14 

The most recent generation of EEG machines take advantage of very high-speed com¬ 
puter processing and new high-speed A-D converter technology. All signals are recorded 
in a referential montage using a single reference. Other montages are displayed at the push 
of a button, through transformation of the referential digital signal. In another improve¬ 
ment, digital EEG is recorded broad band, that is, with filters open to a much wider range 
than the usual 0.1 Hz to 70 Hz, so that signals up to several hundred Hz can be resolved. 
This is especially important in intracranial monitoring, where it has recently been found 
that, at the onset of some specific seizure patterns, substantial activity appears in the range 
over 100 Hz. This may give dues to the neurophysiological basis of onset of these seizures. 15 
This information would be lost without the ability to digitally sample EEG signals broad 
band. Any required filtering to reveal clinically important phenomena can be performed 
with "post-hoc" digital filtering, leaving the original broad-band signal untouched. 

Once EEG signals are digitized, this information can be manipulated mathematically 
(e.g., remontaged), before it is output to a paper strip chart recorder or plotted on the 
screen of a computer monitor. The EEG tracing becomes a table of evenly spaced numbers 
stored in a computer rather than an ink line drawn on a long sheet of paper. At standard 
paper speeds and magnification, the digitally sampled signal appears identical to the stan¬ 
dard strip chart record. If the time scale on the computer display is decreased, displaying a 
very short period of time, the discrete nature of the digital signal, with spaces between data 
points, can be appreciated (Figure 2.25). When the digital signal is output to a strip chart 
recorder, the pens connect the closely spaced data points, eliminating the gaps between 
them. The pens then interpolate between the points. Computer algorithms exist that can 
interpolate between data points if necessary. 

Several important rules exist that must be followed when digitally sampling the EEG 
or any other signal. Some of these rules are: 1) an adequate sampling rate must be used to 
resolve the signal; 2) amplifiers must have sufficient sensitivity and CMRR to detect and 
amplify the signal; 3) the A-D converters must have a linear response over the dynamic 
range of the signal; and 4) the A-D converters must have adequate resolution to faithfully 
reproduce the signal. The adequate sample rate, as stated in Nyquist's theorem, is a very 
important principle in digital EEG. Nyquist's theorem states that a given signal must be 
sampled at a rate of at least twice the highest frequency you wish to resolve, preferably 
slightly higher, to avoid distorting the signal. For example, to duplicate the standard EEG 
frequency range of 0.1 Hz to 70 Hz, one must digitally sample each channel at least 140 
times per second. If this rule is not followed, the record may demonstrate aliasing, the dis¬ 
play of a fraction of the high frequencies in the input signal as low frequencies, and may 
introduce distortion in all frequency ranges (Figure 2.26). High-frequency filters are also 
important in preventing aliasing because they reduce the contribution of signals above the 
Nyquist frequency that may be aliased by digital sampling. 
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Figure 2.27 —EEG components: (a) alpha; (b) beta; (c) 
theta; (d) delta. 
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Figure 2.28 — continued. 
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2.6 Clinical Signals 

2.6.1 Normal Electroencephalography 

Normal scalp EEG is an electrical signal that contains both frequency and spatial information. 
Its main components are activities in four major frequency ranges named alpha (usually pos¬ 
terior maximum at 8 Hz to 12 Hz), beta (usually anterior at > 12 Hz), theta (usually wide¬ 
spread at 4 Hz to 7 Hz), and delta (normally seen during drowsiness and sleep at < 4 Hz) 
(Figure 2.26). A wide range of normal exists in the EEG. However, normal records are usually 
continuous, symmetric, show standard reactivity in response to specific states such as eye 
opening, repetitive movements of the extremities, drowsiness, sleep, hyperventilation, and 
photic stimulation, and do not display any of a number of clearly abnormal patterns. 

The EEG evolves with age and changes most rapidly in infancy. It becomes slower in 
the second and third decades of life and then reaches a plateau for most of adult life, with 
the exception of mild slowing in old age. Neonatal EEG is a fascinating subject with a 
complexity beyond the scope of this discussion. Changes occur so rapidly in the EEG of 
infants, particularly premature infants, that an experienced electroencephalographer can 
estimate the age of the infant from the tracing alone, up until an age of about 8 weeks post¬ 
term, to within several weeks. 
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A normal posterior basic EEG rhythm begins to develop about 3 to 4 months post¬ 
term, starting at a frequency of 3 Hz to 4 Hz. By one year post term, this rhythm is ap¬ 
proximately 6 Hz and is 8 Hz by three years. After reaching 8 Hz, the posterior basic 
rhythm has reached the alpha frequency range and is called the occipital alpha rhythm. 
The rate of increase slows from this point on, reaching an adult average of 10 Hz by age 13 
or 14. Occipital alpha activity increases with eye closure and slows with drowsiness, de¬ 
creased cerebral perfusion, toxic and metabolic disorders, and focal lesions. It usually in¬ 
creases in amplitude over the nondominant occipital region, due to slightly decreased 
skull thickness on this side, and is occasionally not detectable in some normal individuals. 
The alpha rhythm is maximal over the occipital area in 65% of adults and widespread in 
32% of adults. Slowing of the posterior basic rhythm is one of the first EEG signs of diffuse 
cerebral dysfunction. 

Beta activity usually occurs with the frontal-central maximum. It may be seen in three 
specific bands: "... a common 18 Hz to 25 Hz band, a less common 14 Hz to 16 Hz band, 
and a rare 35 Hz to 40 Hz band." 16 A focal decrease in beta activity may be the first subtle 
sign of cortical injury, such as results from trauma or stroke. Focally increased beta activ¬ 
ity on the scalp may result from skull defects (called a breach rhythm), since high-fre¬ 
quency activity is preferentially filtered out by the skull. Generalized increased beta 
activity may result from the administration of agents affecting the CNS, such as general 
anesthetics, benzodiazepines, alcohol, barbiturates, or opiates. Low voltage with globally 
increased beta activity has also been reported in various chronic disease states, such as al¬ 
coholism, chronic opiate abuse, and HIV infection. 

Theta and delta activities are variable in their amount and location and may change 
dramatically with state of consciousness. Theta activity, normally widespread, may in¬ 
crease in voltage, rhythmicity, and prominence with sleep (hypnagogic theta), awakening, 
and with hyperventilation. These EEG changes occur more dramatically in children. Theta 
activity also increases in toxic and metabolic encephalopathies and with focal cortical in¬ 
jury. Variable amounts of delta activity occur normally in children such as posterior slow 
waves of youth, and during sleep. Stages III and IV of sleep are defined by the amount of 
delta activity present; 25% to 50% and greater than 50%, respectively. 

Mu rhythm is a normal variant pattern that usually continues during wakefulness, 
within 1 Hz to 2 Hz of the alpha rhythm and centered over the motor cortex (Rolandic 
area) unilaterally or bilaterally. It is recognizable because it disappears with repetitive 
limb movements or when subjects think about moving a limb. 

Other common normal EEG patterns include positive occipital sharp transients of 
sleep (POSTS), benign epileptiform transients of sleep (BETS), vertex waves, sleep 
spindles, and k-complexes, all of which indicate sleep (Figure 2.28). 

2.6.2 Common Abnormal Patterns 

Many common abnormal patterns include significant asymmetries in the EEG between 
homologous areas. Such a pattern can take the form of focally increased or decreased am¬ 
plitude, frequency or rhythmicity, including the alpha rhythm, beta activity, or persistent 
focal slowing in the theta or delta ranges. These changes are frequently seen in focal cere¬ 
bral injuries, such as those due to stroke, trauma, focal infectious, or neoplastic lesions. 
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Figure 2.29 — FIRDA. 
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Slowing is one of the most common manifestations of cerebral dysfunction. When fo¬ 
cal, it usually indicates localized pathology, such as stroke, infection, trauma, or tumor. 
When generalized, slowing may indicate intoxication, such as observed with drugs of 
abuse, or overdoses of prescribed medications, metabolic disorders (such as hepatic or re¬ 
nal failure), or electrolyte disturbances. Slowing may appear in the form of increased theta 
or delta activity, a decrease in the amount or distribution of beta activity, or just slowing of 
the posterior basic rhythm. Toxic and metabolic encephalopathies may also be present 
with characteristic EEG patterns, such as triphasic waves, commonly seen in hepatic and 
renal failure, and frontal intermittent rhythmic delta activity (FIRDA), seen in 
hydrocephalus, in some toxic/metabolic processes, and in hydrocephalus (Figure 2.29). 

Other important abnormalities in the EEG correspond to the diagnosis of epilepsy and 
specific epileptic syndromes. Focal seizure disorders can arise from any region of the cere¬ 
bral cortex, most commonly from the temporal lobe (complex partial seizures). The EEG 
may demonstrate focal slowing, focal spikes (duration < 70 ms), or sharp waves (duration 
up to 150 ms to 200 ms) over the region of the epileptic focus (Figure 2.30). Continuous 
rhythmic spiking may identify focal seizures, and spike and slow-wave patterns may be 
present in individuals with certain types of primary generalized seizure disorders (e.g., 
absence epilepsy) (Figure 2.31). Many other abnormal patterns exist that may be seen on 
routine electroencephalograms. 
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Figure 2.30 — (a) Focal spikes over the left parietal area 
with left temporal spread, (b) Two left temporal spikes, 
(c) Focal slowing over left hemisphere. 
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Figure 2.30 — continued, 
(c) 
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Figure 2.31 — Spike and slow wave discharge typical of 
absence epilepsy. 

(a) 


With hyperventilation^ 



1 sec 




Figure 2.31 — continued. 
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2.6.3 Artifacts 

It is important to be familiar with common sources of artifact in the EEG because, along 
with normal variant patterns, artifacts are one of the most common reasons for incorrect 
record interpretation. Artifacts can be divided up into two major categories, physiological 
and nonphysiological. Common physiological artifacts are demonstrated in Figure 2.32a 
and include: eye blinks; muscle activity; movement; and sweat artifact arising from skin. 

Figure 2.32b demonstrates common appearances of nonphysiological artifacts includ¬ 
ing: electrode pops; wire movement artifact; 60 Hz power line interference; high- 
frequency artifact resulting from electrical instruments used during surgery (in this case 
an electrosurgical device); and artifacts arising from other devices used in the medical set¬ 
ting (e.g., intravenous infusion pumps). 

The most difficult artifacts to detect appear as irregular signals mimicking abnormal 
EEG activity, such as epileptiform discharges. Artifact identification is a skill that requires 
many hours of training reading EEGs. Even experienced electroencephalographers can 
misinterpret physiological-looking artifacts from time to time. 

2.7 Processed Electroencephalography: 

Monitors and Methods 

Digital EEG provides clinicians and investigators access to a variety of techniques for 
quantitatively measuring brain function. Some of these techniques are used to localize 
electrical activity to a particular region of the brain. Other methods follow trends in the 
EEG over time, such as slowing or sharp activity, and are used to correlate these trends 
with important clinical changes in the patient's condition. 

2.7.1 Domains: Time, Frequency and Fourier 

Analysis 

Digital EEG signals can be processed in several ways. In the time domain, statistics on seg¬ 
ments of the EEG can be compiled, such as the mean voltage, number of times the signal 
crosses zero, standard deviation, and variance of the signal. Using these and other mea¬ 
sured parameters, segments of the EEG can be compared to one another statistically, us¬ 
ing such techniques as coherence, crossed spectral density, etc. In the frequency domain, 
the EEG is decomposed into its basic frequency components and the amount of power in 
each frequency band is measured, yielding a frequency spectrum. This allows comparison 
of selected components of the EEG, such as the alpha rhythm, frontal slowing, or beta ac¬ 
tivity between individuals, in different circumstances, and over time. 14 

The basis of frequency domain analysis is Fourier's theorem, which states that any 
waveform may be exactly represented as the sum of a number of sine-waves of different 
frequency, phase, and amplitude. When added together, these data reproduce the wave¬ 
form. If the frequency range (bandwidth) of the waveform being analyzed is unlimited, 
then the number of sine-waves (or series) required to reproduce the waveform is infinite. 
If the frequency bandwidth is limited, such as from 0.1 Hz to 70 Hz in the standard EEG, 
then a finite number of sine-waves may be utilized. In practice, digital processing makes 
use of an algorithm called the Fast Fourier Transform (FFT) which operates on discrete 
segments of the EEG and yields a set of numerical coefficients that can reconstruct the 
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Figure 2.32 — (a) Eye blinks, sweat, muscle, movement; 

(b) pops, 60 Hz, other artifacts. 

(a) (b) 





< 


(-<-1 sec-H 

Wiggling respirator hose. Chart speed = 30 mm/sec. 





Movement artifact. Chart speed = 30 mm/sec. 


Sweat ▼ 



Sweating artifact. Chart speed = 30 mm/sec. 



Chart speed = 30 mm/sec. Chart speed = 30 mm/sec. 
ESU interference 60 cycle interference 



128 




^ Spacelabs Medical: ELECTROMYOGRAPHY/ELECTROENCEPHALOGRAPHY 

^ ■ 


waveform when multiplied by the appropriate sine and cosine functions. The frequency 
spectrum is computed for each discrete segment of EEG. Connections between adjacent 
segments of EEG are mathematically smoothed so as to create a continuous waveform 
when the FFT coefficients are used to reconstruct the signal. The output of the FFT algo¬ 
rithm is a set of coefficients, two for each frequency component in the signal's spectrum. 
One coefficient is multiplied by the cosine or amplitude portion of the component (A), and 
the other is multiplied by the sine or phase portion of the component (B), yielding the 
phase portion of the component. Each component in the FFT series can be represented as: 

A COS (wt) + i B sin (phi) Equation 2.1 


where 


w = 

angular frequency of the component. 

A 

an FFT coefficient 

B 

an FFT coefficient 

phi = 

the phase angle of the component 

i = 

the imaginary number sqrt(-l). 


The number of frequency components and pairs of FFT coefficients necessary to repre¬ 
sent a given waveform is a function of the highest frequency (F) to be resolved and the 
sample rate (SR) is used. The FFT requires the number of points (N) processed in a given 
segment of EEG to be a power of two, commonly 256,512, or 1024. If, for example, a sample 
rate of 256 Flz is chosen (SR=256), then the maximum frequency that can be accurately re¬ 
solved is 128 Fiz. If a window of 1024 points is taken (N=1024), this is equivalent to a 4-sec¬ 
ond segment of EEG on one channel. The number of pairs of FFT coefficients required to 
represent N samples is N/2, and the resolution of the signal is SR/N=256/1024, or 0.25 Hz. 
This means that the FFT algorithm will generate a pair of coefficients for each incremental 
frequency of 0.25 Hz from 0.25 Hz to 128 Hz. Figure 2.33 illustrates the decomposition of an 
EEG waveform into its basic frequency components and then displays them as a frequency 
spectrum, a diagram that shows the different frequency components of a given waveform, 
and how much power (in this case voltage) is present at each of these frequencies (Figure 
2.33). Once the frequency spectrum of a given segment of EEG has been calculated, a num¬ 
ber of techniques are available to display this information as it is distributed in space over 
the head or in time. 
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Figure 2.33 — Section of EEG. (a) a typical waveform 
broken down into its frequency components. 

(b) frequency spectrum for the waveform in (a). 
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2.7,2 Brain Mapping 

Several types of brain mapping using EEG serve patient care and research. Only two 
types will be discussed here: spatial mapping of EEG data over the scalp surface, and 
source analysis. In spatial EEG mapping, a number of types of data may be displayed, in¬ 
cluding frequency components of the EEG, electrical potential fields, current density, or 
gradient fields of particular events recorded on the EEG. The example of topographical 
mapping of EEG frequency data, popularized by the commercially available BEAM (brain 
electrical activity mapping), will present the general concept. In this display method, EEG 
data is divided into basic frequency bands such as alpha, beta, theta, and delta by taking 
the FFT of the data. The power in each band is calculated over each electrode in the EEG 
montage and the frequency data is displayed on a topographical map of the scalp for each 
electrode. Frequency data at locations between electrodes is interpolated between elec¬ 
trodes using one of a variety of algorithms, so that the actual display represents only in 
part the actual EEG data. Each frequency band is assigned a color, or shade of gray, and is 
displayed over the scalp map so that the intensity of the color in the display corresponds 
to the amount of power in that frequency range. In this way, the frequency spectrum of 
the EEG is easily visualized, changing in activity over particular regions of the head. The 
EEG may be broken down into as many frequency bands as is useful for the particular 
application of the technique. Figure 2.34 shows a gray-scale example of the output from a 
typical BEAM program during a number of states of consciousness and cognitive tasks. 1 ' 
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The source analysis type of brain mapping is used to predict the location of sources of 
abnormal electrical activity in the brain, such as seizure discharges or particular kinds of 
EPs. In this technique, a discharge is recorded over the scalp and the amplitude and loca¬ 
tion of the discharge at each electrode is recorded. This data is placed into a mathematical 
model that moves an imaginary electrical dipole around in a simplified, usually spherical, 
theoretical model of the brain. The field of the imaginary dipole is calculated at a given 
position and then compared with the electric field map actually recorded over the scalp. 
The cumulative error between the real and imaginary signal is calculated and the imagi¬ 
nary dipole is moved to another position, searching for the imaginary dipole location that 
minimizes the error between the real and imaginary signal. The imaginary dipole moves 
along a path of decreasing error until some arbitrary minimum error threshold is met, lo¬ 
calizing the dipole source of the scalp electrical activity. 

Source localization models of this type contribute to EEG research, but their accuracy 
is limited by broad assumptions made about the shape, uniformity, and conductivity of 
the brain and about the number of sources from which the activity emanates. In reality, 
epileptiform activity is thought to be generated by volumes of tissue. Finally, these tech¬ 
niques use the method of progressive approximation to find a solution to a problem not 
analytically solvable. Such techniques may yield a local minimum as a solution, and miss 
a better answer elsewTiere on the surface of possible solutions. These techniques provide 
researchers with tools for mathematically localizing seizure foci in patients with epilepsy 
and potentially for the experimental localization of sources of particular brain functions. 
They are currently being investigated and refined, and some groups are beginning to ex¬ 
periment with these methods for potential routine clinical use. 


Figure 2.34 — BEAM-type brain map. 
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Figure 2.35 — Compressed spectral array data displayed 
on a head map. 
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2 . 7.3 Compressed Spectral Array 

One useful method for displaying changes in the frequency spectrum of the EEG over time 
is the compressed spectral array (CSA). In this technique, tire frequency spectrum of one or 
more channels of EEG is calculated periodically over consecutive epochs of time, such as 
every five minutes, using the EFT algorithm. The resulting spectra are displayed in a cas¬ 
caded format vertically along a chart recorder or computer screen. This technique allows 
easy identification of changes in frequency components over time. Two CSA plots, one for 
each hemisphere, are usually displayed side by side, so that changes or trends in frequency 
spectra may be compared between hemispheres. Figure 2.35 displays changes in the EEG 
spectrum over time in a patient with ischemia over the left temporial area. 1 


2.7.4 Zero Crossing Analysis 

Another method sometimes used to characterize the frequency content of the EEG over 
time is called zero crossing analysis. This method marks each point at which the EEG 
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waveform crosses the zero voltage line. The time between adjacent marks is measured and 
the equivalent frequency of the half-wave so defined is calculated. A histogram of the mea¬ 
sured frequencies is then constructed, revealing the relative frequency content of the wave¬ 
form. Since many portions of the EEG waveform do not cross the zero line, another form of 
zero crossing analysis marks the local extrema of each portion of the waveform. The time 
between each adjacent pair of extrema is measured, yielding the relative frequency content 
of the waveform. When local extrema are used, in this first derivative form of zero crossing 
analysis (the first derivative of the waveform is zero at the extrema), amplitude informa¬ 
tion on each portion of the waveform can be compiled. Scientists have different opinions 
about which applications are better served by frequency analysis or zero crossing analysis. 
Both methods are under current study for EEG monitoring applications. 

2.7.5 Clinical Use 

The EEG is one of the only clinical tools available to assess brain function in real time. It 
monitors normal brain function, such as in staging sleep in studies evaluating patients for 
sleep disorders. The EEG is also used to detect evidence of cortical injury early, while it 
may still be reversible. Such applications include continuous EEG monitoring during pro¬ 
cedures, such as carotid endarterectomy or coronary artery bypass grafting (under inves¬ 
tigation). The EEG can often detect and characterize a number of toxic, metabolic, or 
degenerative states, and help differentiate them from psychiatric disorders. For example, 
if a patient is exhibiting activity that appears to be delirium or seizure activity and the 
EEG is normal, then a psychogenic cause for the patient's disorder must be considered. 
The EEG can also detect acute cortical injury before it is detectable by MRI or CT scanning. 
It is used for finding evidence of a focal seizure disorder, and for categorizing a number of 
epileptic syndromes whose treatment and prognosis often depend upon the EEG find¬ 
ings. The EEG can also prove a very useful adjunct to the physical examination in the de¬ 
termination of clinical brain death. In critically-ill patients who cannot be moved from 
intensive care units, in patients who have suffered severe head trauma, or in those whom 
neuromuscular blockade has made the neurologic examination useless, the EEG may be 
the only tool available to assess the patient's progress and function. In experienced hands, 
the EEG is an extremely useful clinical tool. As with other technologies, the clinical utility 
of the information provided by this technology is only as good as the indications for each 
specific study and the quality of the study interpretation. 

2.7.6 Applications of Processed Quantitative 
Electroencephalographic Monitoring 

2.7.6.1 Bedside Electroencephalographic 
Monitoring 

Bedside EEG monitoring (other than for epilepsy) has a variety of clinical applications, 
particularly when using compressed spectral array display or time domain analysis. 
Stroke patients, postoperative neurosurgical patients, head trauma, and those with other 
intracranial disease processes can be monitored, often in intensive care units, to detect 
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trends in the EEG that may predict clinical change. A focal or generalized shift of power in 
the spectrum toward lower frequencies or diminished amplitude of the waveform may 
indicate progression of the disease process and predict deterioration of the patient's condi¬ 
tion before it becomes clinically detectable. This may promote early intervention in the 
management of cerebral edema, evolving stroke or other potentially life-threatening pro¬ 
cesses at a time when treatment may make a difference. Patients in this setting are often 
sedated or unresponsive, so that the neurological examination is lost, making bedside 
EEG monitoring potentially even more useful. 19 

2.7.6.2 Perioperative Monitoring 

Perioperative monitoring is used to detect cerebral ischemia during and after surgery be¬ 
fore it results in a fixed and lasting deficit. One use currently under investigation is 
intraoperative EEG monitoring during carotid endarterectomy. Carotid endarterectomy is 
a procedure in which the internal carotid artery (ICA) that supplies blood to the ipsilateral 
eye and anterior cerebral hemisphere is clamped, opened, and cleaned of usually hard cir¬ 
cumferential atherosclerotic plaque thought to cause ischemia or emboli in tissue. EEG 
monitoring is used primarily when the carotid artery is clamped in preparation for open¬ 
ing the vessel. If the EEG shows > 50% slowing or loss of amplitude over the cerebral 
hemisphere supplied by the vessel, the clamp is removed and a shunt is placed that al¬ 
lows blood to flow around the surgical site to the brain during the surgical procedure. 
While on-line EEG analysis is sufficient for monitoring during this procedure, CSA dis¬ 
play may prove an easier and more compact method of displaying monitoring data. 20 

Perioperative EEG monitoring has also been applied to patients having coronary artery 
bypass graft surgery (CABG). Changes in EEG amplitude and frequency spectra have been 
observed with changes in bypass pump perfusion pressure during surgery. This implies 
that an intraoperative EEG in patients on coronary artery bypass may have some correla¬ 
tion with brain function. This is an area that requires further study. Investigation is ongo¬ 
ing using EEG to manage depth of anesthesia during surgery. Neural networks and 
spectral analysis are new processing tools used for this application. 

2.7.6.S Automated Analysis of Sleep 

Patients with disorders of sleep and wakefulness are frequently studied using 
polysomnograms (or sleep studies). These assessments are performed in laboratories 
where patients are monitored for one or more nights while they sleep. A number of physi¬ 
ological parameters are measured, depending upon the patient's complaint, and may 
include: several channels of scalp EEG, respiratory effort, oxygen saturation, electromyo¬ 
gram (usually recorded from axial muscles and the tibialis anterior), electro-oculogram 
(records eye movements), ECG, esophageal pH (to monitor for esophageal reflux of gastric 
contents), and nocturnal penile tumescence (recording nocturnal erections in male patients 
under evaluation for impotence). Each of these signals may be digitized, displayed in a va¬ 
riety of manners (e.g., CSA), and entered into a computer program that detects patterns 
characteristic of the different stages of sleep and specific sleep disorders. For example, in 
obstructive sleep apnea, sleep is disrupted by frequent periods of ineffective respiratory ef¬ 
fort accompanied by a drop in blood oxygen saturation and arousal from sleep. Sleep is 
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disrapted so frequently that these patients spend abnormally little time through the night 
in slow wave and rapid eye movement (REM) sleep. They feel tired throughout the next 
day and frequently fall asleep for brief periods during the daytime. A number of commer¬ 
cially available sleep analysis software packages are currently on the market. These pro¬ 
grams continue to improve in their accuracy of detection of significant events in non-EEG 
monitors and in their ability to summarize the amount of time spent in the different stages 
of sleep as better algorithms evolve. Prior to the development of automated sleep analysis 
packages, collation of sleep data had to be performed by technicians pouring over eight- to 
ten-hour continuous paper recordings of the parameters listed above. Many laboratories 
still use this manual system, awaiting better automated algorithms. Figure 2.36 depicts a 
typical polysomnogram tracing in a patient with obstructive sleep apnea. 

2.7.7 Epilepsy Monitoring 

One of the most widespread uses of digital EEG, at present, is in the detection, localiza¬ 
tion, and treatment of patients with intractable epilepsy. Intractable patients are admitted 
to epilepsy monitoring units (EMUs) where they are continuously followed with scalp or 
invasive EEGs and by video cameras, so that their behavior can be correlated with the 
EEG. These methods are used because behavioral manifestations of seizures often corre¬ 
late with the location of seizure onset in the brain. 21 Seizures, interictal activity, and behav¬ 
ioral spells are recorded and processed to determine the type of seizures and their location 
in the brain. This information is used to direct the patient to specific treatment for his or 
her disorder. In patients who do not respond to maximal medical therapy and have no 
contraindications, surgical removal of the origin of seizure activity, or focus, is often pur¬ 
sued. Many patients with intractable seizures have poorly localized seizures, or seizures 
emanating from areas adjacent to vital regions of the brain that cannot be safely surgically 
removed. These patients frequently undergo invasive monitoring with depth electrodes 
placed in the brain stereotactically through burr holes in the skull, or subdural electrodes 
laid overtop the cerebral cortex and beneath the dura placed during an open craniotomy. 

Epileptiform activity is localized by finding the origin of interictal spikes (discharges 
that occur between seizures) and seizure onset in ictal recordings. There are times when 
clinical seizure activity precedes epileptiform activity on the recorded EEG, indicating that 
the true seizure focus is in a location not detectable by whatever electrodes are being used. 
This type of sampling error is one of the most challenging problems facing epileptologists 
in epilepsy surgery centers. 

Once a seizure focus has been identified the patient is evaluated to determine whether 
or not the area involved in seizure generation is responsible for a vital function, such as 
motor control, vision, language generation, or comprehension. This is done by localizing 
language via an intra-carotid amobarbital test known as the Wada test, after Dr. Juhn 
Wada, to determine language dominance or codominance; formal cognitive function test¬ 
ing to map particular patterns of cognitive function and dysfunction; and brain stimula¬ 
tion mapping to pinpoint specific functions in the region of the epileptogenic focus 
around intracranial electrodes. If patients are properly selected for seizure surgery, mod¬ 
erate to good improvement in seizure control can be expected in approximately 70% of 
patients treated with this modality. 
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Figure 2.36 — Polysomnogram showing obstructive 
sleep apnea. 
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2.8 Current Research 

EEG research is currently expanding on a number of levels. On the cellular level, investiga¬ 
tors are recording and modeling intracellular and extracellular potentials in networks of 
cells in animal hippocampal slice models of epilepsy. 22 These models additionally provide 
a way to investigate the mechanisms underlying a generation of EEG potentials. In medical 
practice, clinician-scientists are monitoring a rapidly growing number of patients with in¬ 
tractable seizures using intracranial electrode arrays in the pursuit of surgical treatment for 
their epilepsy. This provides a direct cortical correlation in awake functioning patients to 
the scalp recordings that have been performed over the past 60 years. 

In the field of neuroscience, a tremendous effort is underway to put into understand¬ 
ing the mechanisms of epilepsy on the level of single cells, neurotransmitters, ion chan- 
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nels, and even the genes involved in the generation of seizures. Work continues in neuro¬ 
physiology that explores simple animal models for keys to the driving forces behind 
postsynaptic potentials and the generation of simple local electrophysiological electro¬ 
chemical rhythms. In the fields of engineering, mathematics, and computer science, a 
number of investigators world-wide are pursuing modeling of the EEG and source local¬ 
ization, with particular emphasis on developing robust solutions to the dipole inverse 
problem. Engineers focus more and more on digital signal detection and processing tech¬ 
niques, including areas of neuronal networks and chaos theory, to glean more information 
from broad-band digital recordings. An offshoot of this work, the area of automated EEG 
analysis, offers a potential useful aid to the continuous monitoring of patients in epilepsy 
monitoring units. Finally, ongoing clinical studies continue to expand our clinical knowl¬ 
edge, characterizing the EEG in particular disease states, using it to predict outcome and 
to decide which therapies will be most useful, particularly in the arena of epilepsy sur¬ 
gery. The field continues to flourish now more than 60 years after its first description by 
Hans Berger. 5 


3.0 EVOKED POTENTIALS _ 

Conduction along the sensory and motor pathways of the nervous system can be mea¬ 
sured electrically by placing electrodes over relevant neural structures. The recorded neu¬ 
ral signals, when coupled to an eliciting sensory stimulus or movement, are called evoked 
potentials (EP) or evoked responses. EP signals clinically evaluate the integrity of various 
segments of the sensory or motor-conducting pathways. The latency of EP voltage 
changes measures the conduction velocity between various neural structures. For ex¬ 
ample, following stimulation of the median nerve at the wrist, neural responses are re¬ 
corded over large nerve bundles in the shoulder (the brachial plexus) as well as from the 
scalp, from the cervical spinal cord, upper brain stem, and the sensory parietal cortex (Fig¬ 
ure 3.1). Slowed conduction between the point of median nerve stimulation and the bra¬ 
chial plexus suggests abnormal peripheral nerve function. Slowed conduction between 
the brachial plexus and upper cervical cord indicates abnormalities in the spinal roots or 
central nervous system (CNS) sensory pathways (Figure 3.2). 

The most frequently used EPs for clinical testing include brainstem auditory evoked 
responses (BAERs), visual evoked responses (VERs), and somatosensory evoked poten¬ 
tials (SEPs). 
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Figure 3.1 — Somatosensory EP recordings during 
median nerve stimulation. 
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Figure 3.2 — Abnormal arm somatosensory EP. Prolonged 
EP-N13 interval demonstrates a sensory conduction abnor¬ 
mality between the brachial plexus and upper cervical cord. 
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Averaging 

When recorded from the skin, EPs are very small, typically 0.2 pV to 5 pV in amplitude, 
and are often overshadowed by background electroencephalographic activity, with its 
usual amplitude of 20 pV to 100 pV and by other sources of electrical noise. Muscle activ¬ 
ity, movement, ECG, ocular potentials and nonbiologic artifact such as 60 Hz line voltage 
all can mask neural signals of interest. To reduce unwanted noise, recording segments 
synchronized to eliciting stimuli are averaged across multiple trials. Since the background 
EEG and other unwanted signals often appear irregular, or do not synchronize to EP 
stimuli, they are markedly reduced by averaging. For example, exposure to tone pips pro¬ 
duces a series of brainstem and cortical electrical responses less than 5 pV in amplitude 
when recorded from the skin. Such low-amplitude responses cannot be detected follow¬ 
ing a single tone or even after averaging 16 auditory responses. Averaging 64 or more tri¬ 
als, however, demonstrates brain activity associated with auditory processing (Figure 3.3). 

In general, averaging reduces noise proportionately to the square root of the num¬ 
ber of trials. 


signal/noise a \/ number of averaged trials Equation 3.1 

EP amplitudes often measure 1/10 the amplitude of background EEG and other 
unwanted signals. To obtain an EP response two times greater in amplitude than back¬ 
ground noise, a 20-times enhancement of signal-to-noise is necessary (Equation 3.1) and 
400 trials are required (20 =\/400 ). 
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Because improvements in signal-to-noise ratio are inversely logarithmic, most of the 
improvement in signal-to-noise ratio occurs within 40 to 100 trials (Figure 3.4). The num¬ 
ber of trials needed to reliably detect EPs, however, also depends on the amplitude of ex¬ 
pected EP signals and the amount of noise. When EP signals are very low in amplitude, as 
with the SEPs, or when large amounts of high-amplitude noise are present, such as when 
a restless patient produces muscle, ocular, and movement artifact, large numbers of trials 
(500 to 1000) may be required. 

Other techniques, including signal filtering and aperiodic averaging, can enhance EP 
detection. The rhythmical posterior alpha rhythm (8 Hz to 12 Hz) and semirhythmical 
temporal theta rhythm (4 Hz to 7 Hz) are normal EEG patterns that may coincide with EP 
stimulation cycles and obscure EP responses. To minimize interference from rhythmical 
EEG, the EP stimulation can be performed aperiodically or at rates that do not coincide 
with normal rhythmical EEG activity. 

Screening individual trials can remove large-amplitude sources of noise such as 
movement artifact. Trials containing waveforms with high root-mean square (rms) or 
high peak- to-peak voltage amplitudes can be manually or automatically screened so that 
fewer averages may be used to resolve EP signals. For example, if biologically relevant 
signals measure less than 20 |iV, automatic screening of trials with waveforms >40 pV 
may effectively screen contaminated trials in which a subject moved, blinked, or produced 
other unwanted signals. A table of waveform rms or peak-to-peak amplitudes and num¬ 
ber of trials can be used to determine appropriate levels of noise screening to obtain a rea¬ 
sonable number of trials for averaging. Amplitude screening or filtering is often 
performed automatically in commercial EP systems. 

On-line or intermittent cumulative averages can also be used to monitor testing to de¬ 
tect sources of artifact prior to completing an examination. For intraoperative monitoring 
of neural structures, trend analysis can be useful. Traveling averages of the nth most re¬ 
cent block of trials can demonstrate recent changes in EPs to determine effects of surgery 
on structures. Some commercial EP machines also plot changes in latency between serial 
EP studies in order to detect trends in peak latency. 

3.2 Evoked Potential Amplitude 

The EP amplitude is generally a less useful measure of neural integrity than latency be¬ 
cause small variations in EP latency (latency jitter) and technical recording variations re¬ 
duce the amplitudes of averaged EP. In general, the effect of latency jitter on averaged 
amplitude resembles a high-frequency filter—the amplitude of narrow waveform peaks is 
reduced more than the broadly contoured waveform peaks (Figure 3.5). 

Evoked potentials are technically challenging to record. Amplitude abnormalities are 
often due to technical difficulties and are not related to physiologic abnormalities. Record¬ 
ing impedances over skin, bone and tissues can vary markedly, even with appropriately 
applied electrodes, and may produce amplitude variations. 

The EP amplitudes may also fluctuate due to changes in the effective intensity of the 
eliciting stimuli. Amplitudes of BAERs recorded during right and left ear stimulation may 
change because of alterations in the position of external auditory meatus earphones. Mi¬ 
nor changes in visual fixation may reduce VEP amplitudes. 

Marked amplitude reductions or side-to-side amplitude asymmetries are most signifi¬ 
cant for relatively hard-wired portions of the nervous system, which have small expected la¬ 
tency fluctuations. Right-to-left asymmetries in amplitude of BAERs, SEPs, and VERs greater 
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Figure 3.4 — The signal/noise ratio of EP is improved 
with increasing numbers of averaged trials. For example, 
when signal amplitude is 1/10 amplitude of noise. 



Figure 3.5 — Effects of latency variation on the ampli¬ 
tudes of averaged waveform peaks. 
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than 50% are often significant. So, for example, the ratio of the amplitudes of BAER peaks I 
and V (wave I/wave V) usually varies no more than 50% between the right and left ears. 

3.3 Evoked Potential Latency 

Although many EPs are generated by postsynaptic potentials, the latency of the EP is 
largely determined by the rate of action potentials conducted along fast-conducting myeli¬ 
nated axons. Large myelinated axons conduct action potentials rapidly by saltatory con¬ 
duction; that is, action potentials jump along nodal gaps between myelinated segments. A 
major clinical use of the EP is to detect abnormalities in conduction along myelinated neu¬ 
ronal pathways. VE!Rs and BAERs are sensitive indicators of demyelination produced by 
multiple sclerosis. Neuronal injury can also prolong latencies. EP latencies, however, are 
often normal unless most of a neural pathway is damaged. Tumors involving visual path¬ 
ways in the cortex usually damage only a portion of visual fibers, so the VERs often have 
normal latency. Compression of the auditory nerve by an acoustic neuroma tumor, how¬ 
ever, almost always produces an abnormal auditory EP response. 

Only a limited amount of variation occurs between normal subjects in the latency of EP 
responses. Abnormal EP latencies for individuals are usually defined as latencies prolonged 
2.5 or 3 standard deviations (SD) from group norms. Normal means and standard devia¬ 
tions must be established for individual laboratories using EPs recorded from 30 or more 
normal subjects. Long-latency EPs elicited by psychological responses to stimuli, called 
event-related potentials (ERPs), vary more in latency than do short-latency EPs such as 
BAERs. Careful experimental controls are needed to elicit replicable ERP responses. 

3.4 Evoked Potentia / Recording 

Important biophysical principles in recording EPs include the concepts of EP generators, 
near- and far-field recording, and dipole models. Normal and abnormal latency and volt¬ 
age ranges must also be recognized since these parameters determine recording require¬ 
ments. In order to correlate EP signals with underlying anatomic systems, it is also 
important to know the conducting pathways for the visual, auditory, somatosensory, and 
motor systems. 

3.4.1 Evoked Potential Generators 

The EPs over peripheral nerve and white matter tracts in the spinal cord and brain are 
generated by compound action potentials and post-synaptic potentials. 23 The EPs over fi¬ 
ber tracts consist of localized potential gradients called near-field potentials and more 
broadly distributed far-field potentials. 24 Near-field potentials are usually recorded as 
triphasic waves and are thought to represent traveling waves from compound action po¬ 
tentials propagated along fiber tracts. Electrodes must be placed adjacent to the neural 
sources to detect the steep potential gradients of near-field potentials. Far-field potentials 
have broader fields that are detected by electrodes placed farther from the anatomic 
source. Far-field potentials appear to measure variations in local geometry that produce 
impedance changes, such as when a fiber tract exits a tissue compartment. 

Like EEG, EP signals in cortex are due to summated postsynaptic activity from clus¬ 
ters of related neurons called generators. Neuronal action potentials are larger than 
postsynaptic potentials, but are poorly synchronized and rapid (often 1500/ second) and 
are usually not detected by the macro-electrodes used for clinical EP recording. 
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Figure 3.6 — The size of brain electrical sources and their 
distance from the scalp influence the attenuation of 
modeled dipoles recorded from the scalp. 
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Figure 3.7 — Modeled effect of dipole orientation and 
depth on recorded scalp amplitude. 
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In many cases, the exact neural generators of EP waveforms have not been discovered 
and some EPs may, in fact, represent summated activity from multiple structures. Ap¬ 
proximate locations for several EPs have been determined via direct brain recordings per¬ 
formed during surgery and by correlating the effect of isolated neural lesions on EP 
components. For example, wave VI in the BAER is located in the upper brain-stem, but 
has not been precisely localized to the medial geniculate or other auditory structures. 

The electrical fields produced by some EP generators can be modeled as electrical di¬ 
poles. Dipole fields, along with the conformation of conducting structures, often explain 
the distribution of electrical fields recorded on the skin. For example, stimulation of the 
right retinal field activates right occipital regions and produces a PI 00 response, which is 
maximally recorded on the scalp over the contralateral (left) visual cortex. This apparently 
paradoxical localization relates to the placement of visual regions in the mesial occipital 
cortex so that PI 00 projects maximally contralaterally. 

The orientation of cortical generators and their distance from the scalp also influences 
the amplitude of EP responses. Generators distributed over a large region of cortex are 
only slightly attenuated by transmission through the CSF, meninges, skull, and scalp (Fig¬ 
ure 3.6). Transversely oriented or small, deep sources, however, are difficult to detect from 
electrodes placed on the skin (Figure 3.7). 

3.4.2 Recording Techniques 

Evoked potential recording was developed in the 1940s by Dawson and others when it 
was found that rapid electronic averaging allowed detection of small neural signals re¬ 
corded on the skin. Computerized digital signal processing has recently improved the re¬ 
cording and analysis of EP. 

Modern digital EP recording devices consist of sensory stimulators, recording ampli¬ 
fiers with analogue filters, an analogue-to-digital converter, a digital signal averager, and 
a display and storage system. A key component that differentiates EP systems from digi¬ 
tal EEG recorders is a device which triggers recording sweeps synchronized to sensory 
stimulation or motor responses. A typical digital EP system is shown in Figure 3.8. 

The voltages and latencies of EP responses vary significantly between different sen¬ 
sory modalities, requiring different recording parameters for various EP tests. Recording 
windows of two to three times normal latencies are usually needed to detect prolonged 
waveforms. EP cortical responses are elicited 30 ms to 40 ms following ankle (tibial nerve) 
stimulation, approximately 10 ms following auditory click stimuli, and approximately 100 
ms after visual pattern stimulation. Thus, a minimum recording period of approximately 
60 ms is needed for recording leg SEP, 15 ms for BAERs, and 250 ms is necessary for VER 
recording. 

Voltages for various EPs range from approximately 0.1 gV to 100 gV. In the United 
States negative voltage is usually plotted upward for VER and SEP, while positive voltage 
is plotted upward for BAERs (there are different conventions in Europe). Negative peaks 
are labeled N and positive peaks are labeled P. The current convention is to number EP 
components sequentially or to label them by their typical latency. Typically, the major VER 
response to pattern stimulation is a positive, approximately 100 ms waveform peak, which 
has been labeled both PI and PI 00. The BAERs are labeled I through VI. It is important to 
remember that terms such as PI00 do not imply exact latencies, but are merely labels. A 
visual EP response is called a PI 00 response, even though it occurs at 95 ms. 
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Figure 3.8 — An EP recording system. 



3.4.3 Digital Sampling 


Since many EP components are of short duration, about 2 milliseconds to 1 second, rapid 
sampling rates are needed to digitally record EP. A high-frequency (low-pass) analog fil¬ 
ter must be used when acquiring signals and the sample rate must be set at least two times 
the highest frequency present to avoid distortion due to aliasing (the Nyquist effect). Usu¬ 
ally, the sample rate is adjusted to provide approximately 4 to 10 data points per wave. 
Consequently, digital sample rates must be several times the period of the waveforms of 
interest. To digitally record EP waveforms of 10 ms (.01 second) duration, for example, 
1000 samples/second are required (10 samples per .01 second). 

The amplitude of EPs are normally measured on a vertical scale with sample points 
measured as bits on a logarithmic resolution scale. Resolution of voltage is usually sufficient 
with 8-bit recording, although 10- to 16-bit amplifier A - D systems are becoming available. 
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A sample-and-hold function may be needed to maintain synchronized averaging if 
recording multiple channels with A - D serial data conversion. One recent development is 
the use of EP collectors that provide simultaneous recording with multiple channels em¬ 
ploying different time and voltage scales and sample rates. This allows the concurrent EP 
monitoring of several systems, such as BAERs and SEPs, which have different time and 
amplitude scales. This type of monitoring is clinically useful for simultaneous monitoring 
of somatosensory and auditory structures during surgery. 

3.4.4 Filters 

Band-pass filters, comprising combined high-pass and low-pass filters, are used to im¬ 
prove EP signal detection. High-pass filters stabilize recording baselines, prevent ampli¬ 
fier blocking due to high amplitude signals, and reduce low-frequency activity which 
occurs below the expected power spectrum of EP. Low-pass filters eliminate high fre¬ 
quency activity above chnically-important EP ranges. Cut-off frequencies of low-pass ana¬ 
log filters should be adjusted to no higher than one-half of the digital sampling rate to 
avoid distortions due to aliasing (the Nyquist effect). A high-frequency cut-off of 100 Hz 
to 200 Hz could be used for 400/second sampling. A notch filter can be used to minimize 
line frequency (60 Hz) interference. In the operating room, however, artifact may produce 
recording oscillations called ringing if a notch filter is used. It is important not to use filters 
in the range of the EP of interest because they can both attenuate EP responses and alter 
the latency of EP responses. High-pass filters may advance the apparent latency of slow 
waves, while low-pass filters may delay apparent peak latencies. A variety of analog and 
digital filters are available. EP data is collected using analog filters. The data may then be 
further processed following A - D conversion by using digital filters. 

3.4.5 Evoked Potential Recording of Specific 
Neuroanatomic Systems 

General guidelines for recording EP have been developed based on the expected latencies 
and amplitudes of the visual, auditory, and somatosensory systems (Table 3.1). 

Table 3.1 - Recommended Recording Parameters 



Number of 
Channels 

Band Pass 

Sweep Length 

Typical 

Number of Trials 

VER (VEP) 

>4 

1 Hz to 100 Hz (-3 dB) 

250 ms 

100 to 500 

BAER (BEAP) 

>2 

10 Hz to 3000 Hz (-3 dB) 

15 ms 

1000 to 4000 

SEP 

(SSER) 

>4 

30-3000 Hz (-6 dB) 

40 ms (arm) 

60 ms (leg) 

200 to 4000 

ERP (EP) 
(P300) 

>3 

0.3 Hz to 100 Hz 

600 ms to 1000 ms 

200 to 400 
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3.5 Visual Evoked Response 

3.5.1 Anatomy 

Visual information is conveyed from the retina to occipital lobes via optic nerves, optic 
chiasma, and lateral geniculate bodies (Figure 3.9). Visual evoked response peaks typi¬ 
cally recorded following pattern-reversal stimulation are N75, P100, and N145 over the 
occiput. The PI00 response is the most consistent peak and is normally maximal over 
midoccipital recording sites. 

Figure 3.9 — Visual evoked response recording. 
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3.5.2 Recording IVIethods 

When recording VERs, a reversing checkerboard pattern is used to stimulate the visual 
system. This stimulus maintains constant luminosity during stimulation. A visual strobe 
light stimulus is used for patients who cannot focus on a screen, such as patients with se¬ 
vere refractive impairment, uncooperative or comatose patients, and infants or young chil¬ 
dren. During strobe stimulation, the latency of peaks varies among patients. Often, only 
the presence or absence of a response can be evaluated using strobe stimulation. 

The distance between the subject and a reversing checkerboard pattern and the check 
size influences visual responses. This distance is expressed as the visual angle which 
equals the check width divided by the distance, or B = arctan W/D. For small angles, B = 
57.3 (minutes) x [W (mm) -v D (mm)]. Smaller checks, ranging from 12 degrees to 16 de¬ 
grees, stimulate central vision more selectively than do larger checks. 

Luminosity directly influences amplitude and latency of VERs, and thus is kept con¬ 
stant. Luminosity is expressed in candela/meter 2 (meters squared). Typically, black and 
white patterns are turned repeatedly on and off or preferably reversed, so that black and 
white checks alternate with constant luminosity. Pattern contrast equals the maximum 
minus the minimum luminosity times 100, divided by the maximum plus the minimum 
luminosity. Stimulus rates should usually be less than four per second to avoid steady- 
state stimulation (e.g., one stimulus every 100 ms would produce overlapping P100). 


3.5.3 Recording Montage 

It is recommended that the VER be recorded using a minimum of four channels with elec¬ 
trodes placed according to the Queen Square System montage: 2 '" 


■ Channel 1: left occipital to midfrontal 

■ Channel 2: midoccipital to midfrontal 

■ Channel 3: right occipital to midfrontal 

■ Channel 4: midfrontal to ear/mastoid 


= LO - MF 
= MO - MF 
= RO - MF 
= MF - A1 


3.5.4 Clinical Applications 

Most clinical VER testing is performed with monocular stimulation. Monocular stimula¬ 
tion largely screens for ipsilateral prechiasmal lesions (retinal and optic nerve abnormali¬ 
ties) or bilateral hemisphere disturbances. To screen for optic nerve demyelination due to 
optic neuritis, each eye is stimulated using pattern reversal checks. A delay in the PI 00 re¬ 
sponse in either eye is suggestive of an optic nerve abnormality, although a lesion between 
the retina and chiasm or both hemispheres is still possible (Figure 3.10). An electroretino- 
gram can determine whether a VER abnormality may be due to retinal disease. 

Hemifield stimulation, the testing of either the right or visual field, tests for abnormali¬ 
ties in one cerebral hemisphere. Approximately 20% of cortical visual fibers remain ipsilat¬ 
eral. They primarily include the mesial fibers. Hemifields can be tested with slight lateral 
gaze fixation, such as visual fixation one check over from a centerpoint. Currently, 
hemifield testing has limited clinical applications. 
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Important clinical uses of VER are screening for: multiple sclerosis and other demyeli- 
nating disorders; optic nerve injury after compressive injury from trauma, hemorrhage, or 
tumor; hysterical blindness; and, visual function in patients who cannot be tested directly, 
such as those in coma, infants, or uncooperative patients. 


Figure 3.10 — Abnormal visual evoked response due to 
delayed PI 00 response during pattern stimulation of the 
right eye. 
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BAERs evaluate the function of several levels of the peripheral and brain stem auditory 
system, including auditory nerves, the pons, and mid-brain (Figure 3.11). Only the ap¬ 
proximate locations of several of the BAER generators are known. Approximate genera¬ 
tors of waveforms include: spiral ganglion and auditory nerve near the cochlea (wave I); 
proximal auditory nerve (wave II); ventral cochlear nucleus or superior olivary complex 
in the pons (wave III); superior olivary complex and inferior lateral lemniscus (wave IV); 
lateral lemniscus in the lower mid-brain (wave V); and upper mid-brain, possibly medial 
geniculate (wave VI). Interwave latencies serve as useful indices of the integrity of these 
different brain stem levels. A prolonged latency between waves I to III suggests an abnor¬ 
mality between the proximal auditory nerve and the pons, while a prolonged latency of 
conduction between waves III to V may represent an abnormality between the pons and 
mid-brain. Absence of wave I, if not due to technical factors, is usually due to a peripheral 
hearing disturbance. 
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3.6.2 Recording Methods 

Monaural broad frequency clicks, usually 100 psec rectangular pulses, are typically used to 
elicit short-latency BAERs. Tone pips are used for some applications. White noise (40-100 
dB) is used to stimulate the contralateral ear and to mask the effects of bone conduction 
between the contralateral ear and the tested ear. The initial pressure wave of clicks can be 
negative (rarefaction clicks) or positive (condensation clicks). Rarefaction clicks often pro¬ 
duce a larger wave I than condensation clicks, and the remaining peaks may also be 
sharper. Thus, rarefaction clicks are used for clinical testing. Alternating rarefaction and 
condensation clicks are not employed because the two together elicit waveforms that may 
vary in latency and cancel each other. A maximum stimulations rate of 8 to 10 stimuli per 
second is typically used, because peak amplitudes often decrease at higher rates. 

Testing is usually performed with stimuli 30 dB to 40 dB above hearing sensation 
threshold. Sound intensity is calibrated in several ways, including: dB peak-equivalent 
sound pressure level (dB pe SPL), using a reference level of 20 Pa or 0.0002 dyne/cm sq; 
normal hearing level (dB NHL) for a group of control subjects; and the sensation level (dB 
SL) for individual test subjects. 

3.6.3 Recording Montage 

The recommended montage for the placement of EEG electrodes is: 

i: Channel 1: Vertex-ipsilateral ear or mastoid (Cz-Ai or Mi), 
u Channel 2: Vertex-contralateral earlobe or mastoid (Cz-Ac or Me). 

3.6.4 Clinical Applications 

BAERs are used to test the integrity of the auditory nerve (CN VIII), pons, mid-brain, and 
auditory pathways. Brainstem lesions may occasionally spare auditory pathways and pre¬ 
serve BAERs. In most patients, however, brain stem lesions due to stroke, tumor, trauma, 
multiple sclerosis, and hemorrhage are not discrete and involve auditory fiber pathways. 
BAERs are sensitive screens for detecting acoustic neuromas. BAERs are also sensitive for 
detecting neural demyelination due to multiple sclerosis and other disorders such as pon¬ 
tine myelinolysis. Concussive injuries may influence BAERs, but these abnormalities can¬ 
not reliably be detected in individual patients. 

BAERs are useful screens for abnormal increases in hearing threshold (decreased acu¬ 
ity) in patients who cannot be tested with standard audiometry. The appearance of wave 
V serves as an indicator of the auditory threshold. Auditory screening with BAERs is often 
performed in infants who are at risk for hearing impairment, including premature infants, 
infants who have suffered meningitis, and patients exposed to ototoxic antibiotics. 

3.7 Somatosensory Evoked Potentials 

3.7.1 Anatomy 

Stimulation of the median, tibial, and other nerves elicits neural responses in the proximal 
spinal nerve roots, spinal cord, brain stem/thalamus, and the parietal cortex. The sensory 
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portion of these nerves includes large myelinated fibers that project to the posterior col¬ 
umn of the spinal cord. Sensory fibers decussate and cross in the lower brain stem and 
then project to the contralateral medial lemniscus in the brain stem and to the sensory 
thalamus and sensory parietal cortex. Anatomic correlates for EP elicited by median nerve 
stimulation are: Erb's point (brachial plexus), N13 (upper cervical spinal cord), P14 (cau¬ 
dal brain stem medial lemniscus), N18 (multiple sources in upper brain stem and possibly 
thalamus), and N20 (somatosensory parietal cortex). Somatosensory pathways for the me¬ 
dian nerve and typical normal SEP are shown in Figure 3.1. The EP responses elicited with 
stimulation of the posterior tibial nerve in the leg are: LP (lumbar cord), N34 (multiple 
sources in upper brain stem and possibly thalamus), and P37 (somatosensory parietal cor¬ 
tex). Somatosensory pathways for the posterior tibial nerve and typical SEPs are shown in 
Figure 3.12. 

3.7.2 Recording Methods 

Transcutaneous stimulation employs stimulating cathode and anode placed over a nerve. 
A ground electrode is placed on a limb between a distal stimulation site and the more 
proximal recording site. Stimulation intensity is set to above the motor threshold. Rectan¬ 
gular, monophasic stimulation pulses are used. Pulse width is typically 100 gsec to 300 
psec with rates of 3 Hz to 5 Hz. Contact impedance is preferably less than 5000 Q to re¬ 
duce discomfort. 

Either constant-current or constant-voltage stimulation is used. Recording is typically 
performed over the structure of interest (e.g., brachial plexus at Erb's point above the 
clavicle). 

3.7.3 Recording Montages 

Four, and preferably eight, channels are necessary to record the SEP. Recommended elec¬ 
trode montage for the median and tibial nerves SEPs are: 

Median Nerve SEP: 

u Channel 1: Erb's point ipsilateral to stimulation reference (usually contralateral Erb's 
point); EPi-REF. 

l Channel 2: cervical spine (C5)-reference; C5S-REF. 

l Channel 3: centroparietal scalp ipsilateral to stimulation (CPi=halfway between C3 or 
C4 and P3 or P4)-reference; CPi-REF. 

i_ Channel 4: centroparietal scalp contralateral to stimulation - centroparietal scalp ipsi¬ 
lateral; CPc-CPi. 

Tibial nerve SEP: 

u Channel 1: thoracic spine (T12) reference (usually iliac crest or midthoracic area); 
T12S-REF. 

l Channel 2: midline frontopolar scalp (Fpz)- cervical spine (C5S); Fpz-C5S. 
l: Channel 3: midline centroparietal scalp (Cpz) frontopolar scalp (Fpz); Cpz-Fpz. 
l Channel 4: ipsilateral centroparietal scalp (Cpi) frontopolar scalp (Fpz); CPi-Fpz. 
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3.7.4 Clinical Applications 

SEPs serve to screen for neural conduction abnormalities in the large fiber sensory system 
in the posterior spinal cord, brain stem medial lemniscus system, and sensory parietal cor¬ 
tex. Figure 3.1 illustrates a normal median nerve SEP. Figure 3.2 presents an example of an 
abnormal arm SEP in the EP-P/N13 segment due to an injury between the brachial plexus 
and cervical spinal cord. Since SEP responses can only be reliably detected at a few points 
along the entire sensory conduction system, localization of SEP abnormalities is often im¬ 
precise. A SEP abnormality between the lumbar potential and upper brain stem response 
with tibial nerve stimulation cannot further localize the abnormality between these distant 
structures. SEPs are particularly sensitive to demyelinating disorders such as multiple scle¬ 
rosis, transverse myelitis, and adrenoleukodystrophy. SEPs are also useful screens for spi¬ 
nal cord and brain stem injury such as that due to trauma, myelopathy and ischemia. SEPs 
may be useful for demonstrating normal function in patients with hysterical paralysis and 
sensory deficits and in determining the prognosis in coma. The absence of brain stem and 
cortical SEP responses correlate with an outcome of death or vegetative state in coma. 26 

3.8 intraoperative Monitoring 

In the operating room, electrodes can be placed adjacent to conducting structures and EP 
can be used to monitor the integrity of the spinal cord, proximal nerve roots, and other struc¬ 
tures during the surgical procedure. During scoliosis repair, for example, the spinal cord 
may be injured when the spine is straightened. An abnormal tibial SEP can alert the surgeon 
that spinal cord compression has occurred, allowing spinal retraction to be reversed before 
permanent damage results. 

Intraoperative EP monitoring can aid in other surgeries that risk injury to the spinal 
cord, including resection of spinal cord tumors, major abdominal vascular surgery, and 
repair of spinal deformities. The posterior spinal cord sensory pathways monitored by 
SEP may remain intact, however, despite paralyzing injury to the anterior spinal cord 
motor pathways. Motor EPs using electrical and magnetic spinal cord stimulation are un¬ 
der investigation to test spinal cord motor function more directly during surgery. 

Figure 3.13 represents an example of spinal cord SEP monitoring. Normal tibial nerve 
SEPs are lost when the spinal cord is traumatized by the passage of a sublaminar wire. 
The SEPs partially return following several interventions, including increasing blood pres¬ 
sure, increasing hypothermia, and the administration of steroids. 

Intraoperative monitoring is also used to assess hearing and facial motor function dur¬ 
ing posterior fossa or lateral skull surgery. Hearing and facial strength can sometimes be 
preserved by monitoring the BAERs along with facial electromyography during the re¬ 
moval of acoustic neuroma and tumors adjacent to facial and auditory nerves. 

3.9 Event-Related Potentials 

Evoked potentials recordings measuring long-latency perceptual and cognitive process¬ 
ing in the brain are called event-related potentials (ERP). ERP are later in latency than sen¬ 
sory EP and correspond to mental operations involved in various perceptual and 
cognitive tasks. One of the largest and most easily elicited ERP response is called the P300. 
This is an approximately 200 to 600 msec positive response elicited by changes in a stimu- 
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Figure 3.13 — Intraoperative spinal cord monitoring 
using leg SEP, (a) passing sublaminar wires; (b) spinal 
cord struck with wire, SEP signal lost; (c) end of surgery, 
SEP signal recovers. 
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Figure 3.14 — Event-related potential recording: a large 
positive shift in brain electrical activity (P300) appears 
during exposure to an infrequent stimulus. 
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lus train during an attended task. A common paradigm for eliciting P300 activity is the 
oddball task: an enhanced positive response (P300) is elicited when repeated visual or au¬ 
ditor stimuli are interrupted by a novel stimulus (Figure 3.14). P300 is best seen when ERP 
waveforms recorded during high probability (standard) stimulus conditions are sub¬ 
tracted from ERP recorded for the low probability (non-standard) stimulus conditions. 
P300 is under evaluation as a clinical test to screen for changes in cerebral function. 

A major difficulty in using ERP clinically to screen for cognitive abnormalities is that ERP 
latencies vary considerably between individuals. These individual variations often make it 
difficult to differentiate patients who have P300 abnormalities from normal subjects. Despite 
these limitations, however, ERP are useful for evaluating serial cognitive changes in patients, 
particularly when a treatment intervention has occurred. ERP have been used successfully to 
monitor patients with AIDS dementia, dyslexia and other cognitive disorders. 

Another major use of ERP are investigating the sequence of mental processes engaged 
by various mental tasks. Attention, orientation, and memory are among the cognitive pro¬ 
cesses being investigated using ERP recordings. 
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4.0 INTRAOPERATIVE BRAIN MONITORING 
USING ANALOG AND COMPUTER- 
PROCESSED EEG 


4.1 Background 

During the past decade, new microcomputer technology has resulted in improved 
intraoperative monitors that allow safer anesthetic and surgical management of patients. 
Among the most significant are a new generation of brain monitors that can have a dra¬ 
matic impact on the administration of anesthesia and reduction of surgical risks. 

Neurophysiological monitoring during major surgery and anesthesia has become an 
essential element of the anesthesiologist and surgeon in the operating room (OR) and In¬ 
tensive Care Unit (ICU) environments. Changes in the electroencephalogram (EEG) and 
evoked potentials (EPs) can be easily displayed and quantified by high-technology, micro¬ 
computer-assisted brain monitors for rapid on-line interpretation. The intent of this sec¬ 
tion is to introduce the basic principles and theories of intraoperative brain monitoring, 
and the interpretation of spontaneous and computer-processed EEG during general anes¬ 
thesia and major surgery. A number of practical strategies have been implemented for in¬ 
corporating computer-processed brain monitors into the anesthetic and surgical arenas for 
adult and pediatric cardiac, vascular, neurological, and orthopedic surgeries. 

Modern anesthesiology has slowly begun to stress the importance of applying 
intraoperative brain monitoring techniques to assess the effects and depth of anesthesia, to 
prevent awareness, and to recognize and prevent anesthetic and surgical complica¬ 
tions. 27,28 While the accelerated development of microprocessor technologies has fostered 
an extraordinarily rapid growth in EEG as well as multimodality EP and transcranial 
Doppler (TCD) monitoring devices for application during anesthesia and surgery, the pri¬ 
mary advances afforded by commercial and academic research have included: (1) easier- 
to-interpret, computer-transformed images of the EEG, EP, and TCD signals, and (2) 
quantification and computer-processed indices for on-line clinical assessment as well as 
for subsequent statistical analyses. 

Historically, interest in the EEG patterns associated with anesthesia is as old as the dis¬ 
covery of the EEG itself; however, there is still no universal adoption of a monitoring tech¬ 
nique or of criteria for its neural end-point by anesthesiologists and surgeons. Although 
the brain is the major target organ of anesthetic drugs, ironically this organ system has 
been largely ignored for routine monitoring during anesthesia and major surgery. This 
has been repeatedly ascribed to numerous reasons including: (1) large, bulky, expensive 
equipment; (2) the need for experienced personnel to operate the equipment and interpret 
the signals; (3) the difficulty of recording the EEG in an electrically hostile environment; 
and (4) the inexact relationship between EEG changes and anesthetic drugs, and effects of 
surgical procedures. Recently, concerns such as cost, degree of user friendliness, validity, 
and reliability have been successfully addressed by a highly competitive commercial mar¬ 
ket, making routine application of this technology substantially easier and more practical. 

The primary clinical outcomes for which modern intraoperative EEG technology has 
made significant contributions include: 1) brain monitoring for drug administration in 
order to determine depth of anesthesia or to tailor drugs to a predefined neural effect for a 
variety of anesthetic end-points; and 2) recognizing and/or preventing perioperative 
ischemic insults. These issues are addressed below. 
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Figure 4.1 — Digital power spectral analysis and various 
types of computer-enhanced displays of the analog EEG. 
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4.2 Digital Power Spectral Analysis, Derived 

Measures, and Computer-Enhanced Displays 

The EEG is classically defined as the spontaneous (analog), scalp-recorded electrical po¬ 
tentials of the cortex, the continuous “roar" or "noise" of the brain. 29 More specifically, 
these gross potentials are the composite (spatial and temporal summations) of negative 
and positive waves resulting from graded summations of excitatory and inhibitory 
postsynaptic potentials in millions of cortical neurons, primarily layer III pyramidal cells. 
For descriptive purposes, a sample or epoch of EEG may be "divided into two general 
types of activity: (1) ongoing background activity, and (2) activity representing either 
event-related changes or transients which appear suddenly and are of relatively short du¬ 
ration. These and other issues are discussed in Section 2.0. 
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Figure 4.2 — Mathematical and display techniques used 
to generate the compressed spectral array format. 
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Figure 4.3 — (a) CSA display created from spectral 
analysis of the raw data shown at the bottom; (b) 
conventional trace or epoch of the analog EEG for 
alpha activity recorded from a single channel over 
the posterior brain. 
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Assessment of the frequency and amplitude of the EEG is crucial for rapid and accu¬ 
rate interpretation; however, such assessment is quite difficult using the analog signal and 
naked eye. Thus, several methods have been developed to extract and present the fre¬ 
quency and amplitude information in simple, visually-enhanced formats that are useful to 
the clinician. 

The schematic shown in Figure 4.1 depicts the process of digital power spectral analy¬ 
sis (DPSA) of the analog EEG and of the various types of computer-enhanced visual dis¬ 
plays of the mathematically transformed or Fast-Fourier transformed (FFT) data. In 
general, spectral analysis transforms the analog EEG signal recorded on the time axis into 
a signal displayed on the frequency axis (Figure 4.1, a to d). Furthermore, it is the most 
common form of computer-processed EEG; almost all commercially-available devices 
employ this type of analysis. In Figure 4.1: 

a. The first process, signal amplification and filtering, is not shown and can occur at 
several stages of computer-assisted EEG analysis. The next process is to digitize an 
artifact free signal, (i.e., the analog or continuous signal is separated into discrete 
elements). 

b. Fast-Fourier transformation of the digitized EEG waveform is a mathematical trans¬ 
formation of a complex waveform (defined as any waveform having varying 
frequency and amplitude content) into simpler, more uniform waveforms (such as 
different sine waves of varying amplitudes). 30 For power spectral analysis, an epoch of 
EEG is typically broken down into component sine waves at intervals of 0.5 Hz over a 
range of 1 to 32 Hz. 

c. The power spectrum is then calculated by squaring the amplitudes of the individual 
frequency components. Thus, the EEG signals recorded on the time axis are trans¬ 
formed and displayed on the frequency axis. 

d. Several different display formats have been developed for visually enhancing the 
computer-processed power spectrum, such as: (1) the compressed spectral array 
(CSA); 31,32 (2) the dot-density modulated spectral array (DSA); 33 and (3) color-scaled, 
topographic brain maps. 34 

These computer-enhanced images can give the user an impression that each anes¬ 
thetic drug or combination of agents or that each surgical event may produce its own sig¬ 
nature or fingerprint in the EEG profile. For CSA and DSA display formats, brain power 
(|jiV 2 ) and time are plotted against frequency. 

In the CSA display format, a series of computer-smoothed spectral arrays are stacked 
vertically, with the most recent EEG event at the bottom and the oldest at the top. Peaks 
appear at frequencies which contain more power or make larger contributions to the total 
power spectrum. Since the origin of the plot shifts vertically with time, this produces a 
pseudo three-dimensional graph (Figures 4.2 and 4.3). Because data can be obscured by 
the hill-and-valley format, another method for displaying power spectra (DSA) was de¬ 
veloped (Figure 4.4). This format displays a power spectrum as a line of variable intensi¬ 
ties and/or densities with successive epochs again stacked vertically as in the CSA plots. 
Areas of greatest density represent frequencies which make the greatest contribution to 
the EEG power spectrum. A major advantage of the DSA format is that no data is hidden 
by the peaks as in the CSA display. The methods by which commercial instruments per¬ 
form the above-mentioned steps are all relatively similar. The major differences among 
instruments are in display formats, derived measures, storage, and statistical processing 
capabilities. 
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Figure 4.4 — Snapshot of the pre-anesthesia baseline 
EEG displayed as a gray-scaled DSA along with the 
spontaneous waveforms recorded bv the 2-channel 
Cerebro-Trac 2500 PLUS. 
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Figure 4.5 — A generic CSA format with SEF indicated 
by a discontinuous line of box markers which track 
along the highest visible frequencies of the power 
spectrum. Typically, the SEF is the value below which is 
contained 95% or 97% of the brain power for a given 
spectral array of analyzed EEG. 



4.2.1 Brain Power, CSA/DSA Formats, and 
Spectral Edge Frequency 

Perhaps the most informative, reliable, and widely used techniques in routine clinical 
practice today for displaying brain power across the EEG spectrum are the CSA or DSA 
formats, with derived indices such as spectral edge frequency (SEF95 or 97), mean or me¬ 
dian frequency, peak power frequency, power band ratios, coherence, asymmetry and 
magnitude estimates [e.g. peak-to-peak or RMS amplitude (pV), and absolute (pV) or 
relative brain power (pV z %)]. DSA displays include two varieties: gray- or color-scaled 
densities. To further simplify and/or assist the display of the entire power spectrum of the 
EEG, the DSA and CSA formats use a single number, the SEF, for any given epoch (Fig¬ 
ures 4.1,4.4, and 4.5). 35 

From a qualitative perspective, SEF is the highest visible frequency component of the 
EEG spectrum. Quantitatively, SEF is calculated typically as the frequency below which 
95% (SEF95) of the total brain power is contained. The SEF is, thus, a derived index of cor¬ 
tical activity that compresses the entire EEG waveform into a single number for clinical 
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Figure 4.6 — A compressed spectral array showing the 
sinusoidal variation in the inspired concentrations of 
halothane. 



judgments and statistical analyses. Changes in the power spectral analysis and derived 
measures such as SEF have been shown to correlate in a rather orderly and predictive 
fashion with: (1) depth of anesthesia and concentration of agent for a variety of drugs (e.g., 
halothane 36 and serum concentrations of thiopental, fentanyl and alfentanil); 37 ' 38 (2) aware¬ 
ness levels;"' (3) hemodynamic response to laryngoscopy; 39 and (4) tailoring induction 
doses of narcotics to a predefined neural fingerprint. 46642 

Figure 4.6 shows a remarkable correspondence in the variation of the brain power dis¬ 
played as a compressed spectral array and the sinusoidal variation in halothane concen¬ 
tration. 16 The sine wave period was 31 minutes with trough and peak concentrations of 
0.42% and 2.94%, respectively. As halothane was decreased there was an increase in brain 
power in the higher frequencies (more hills) and a decrease of the lower frequencies (less 
hills). As halothane was increased, brain power shifted to the lower frequencies in the 
spectrum and was represented by an increase in peaks. 
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Figure 4.7 — (a) Analog EEG stages for fentanyl and al- 
fentanil inductions; (b) time course of spectral edge and 
serum fentanyl concentrations. Fentanyl infusion rate = 
150 jxg/min; (c) time course of spectral edge and serum 
alfentanil concentrations. Alfentanil infusion rate = 1500 
|Xg/min (solid bar). Note the inverted spectral edge axis. 
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Figures 4.7a, b, and c illustrate a similar correspondence between SEF and induction 
doses of synthetic opioids. Figure 4.7a shows the changes in the analog EEG signal with 
anesthetic induction using alfentanil and fentanyl, respectively. Figures 4.7b and 4.7c illus¬ 
trate the correspondence between SEF values and changes in serum concentrations of 
each anesthetic drug. 

In part, the criteria for clinical recognition of anesthetic effects, particularly an induc¬ 
tion end-point, are dependent on preferences for type of computer-generated and trended 
indices. However, a general picture has begun to emerge about the induction effects of 
opioids based on the digital power spectrum of the EEG, and, thus, some of the criteria for 
the clinical recognition of a primary, or predefined, induction end-point for neural activ¬ 
ity. Although the single most important or exact subset of derived measures has yet to be 
clinically identified, it is apparent that dynamic and consistent changes in enhanced, vi¬ 
sual displays, and derived indices afforded by DSPA in general, have proven to be sensi¬ 
tive for assessing the EEG effects of drug administration? 7,38 ' 43 

Of the computer-derived indices of the power spectra which compress the power 
spectrum of the EEG into a single or unitary descriptor or activity measure (e.g., peak or 
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mean frequency, magnitude indices, power band ratios), SEF has received substantial 
support as a useful clinical index of anesthetic depth. For example, threshold doses of 
opioids have been determined for adequate anesthesia based primarily on power spectral 
analysis of the delta bandwidth and SEF. 3 ' ,38,4j This is presented in greater detail in the sec¬ 
tion on synthetic opiates. 

Lastly, recent criticism has been raised about the appropriateness of the mathematical 
basis for applying spectral analyses to processing analog EEG. Spectral analysis assumes 
an independent relationship among its sine wave components. Since electrical brain 
waves such as the EEG exhibit nonlinear behavior and intercomponent relationships, an 
alternative form of processed analyses called bispectral analysis has been recently applied 
with interesting success in studies of anesthetic drug effects. Bispectral analysis measures 
the potential interactions between the waves to determine whether dependent compo¬ 
nents are present. For example, if two fundamental waves are generating a harmonic, then 
the harmonic's frequency is equal to the sum of the frequencies of these fundamentals and 
the phase of the harmonic is equal to the sum of the phases of its fundamental compo¬ 
nents. Thus, bispectral analysis quantifies the phase coupling between every possible fre¬ 
quency pair combination and their sum in order to determine if the component waves are 
harmonics or fundamentals. Recent studies have demonstrated that bispectral analysis 
may enhance the overall value of computer-processed EEG as a depth of anesthesia indi¬ 
cator 44 and provide additional information about anesthetic depth at incision when com¬ 
pared to conventionally processed EEG parameters such as SEF and median frequency. 45,46 

4.3 Anesthetic Drug Effects 

Hans Berger, the father of modern clinical electroencephalography, was the first to de¬ 
scribe the effects of drugs (e.g., cocaine, phenobarbital, chloroform, and scopolamine) on 
the human EEG. Although numerous studies and reviews have concentrated on the EEG 
changes associated with anesthesia, the normal practice of modern anesthesia involves 
polpharmacy or the use of a combination of anesthetic agents for premedication and bal¬ 
anced anesthesia. 4 ' For example, most patients are premedicated prior to surgery and the 
administration of general anesthesia. Thus, the EEG effects often observed and assessed 
are not necessarily the effects on background rhythms typically associated with each drug 
alone. 

This section will focus on the changes in the analog and computer-processed EEG 
which are associated with general anesthesia, particularly induction. Although each anes¬ 
thetic agent produces a characteristic pattern in background rhythm, several general 
stages can be defined based on clinically defined and electroencephalographically defined 
changes (Figure 4.8). 48 In Figure 4.8 the alpha rhythm typifies the relaxed, conscious state. 
With light levels of anesthesia, the alpha rhythm gives way to a faster rhythm in the beta 
range. As this excitement phase is passed with increasing levels of anesthesia, wave fre¬ 
quency decreases until a delta pattern prevails. If further CNS depression occurs, the 
waveforms become more complex with a clear persistence of slow waves. At even deeper 
levels, alternating periods of electrical silence are interrupted by bursts of high voltage ac¬ 
tivity known as burst suppression. At the deepest level of anesthesia, total electrical si¬ 
lence, or an isoelectric EEG, is reached. 

Figure 4.9 shows a comprehensive summary of the distinct, definable stages of anes¬ 
thesia based on traditional clinical parameters such as respiration, pupil size, and various 
reflexes as compared to those which can be determined by EEG changes. The stages of in- 
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Figure 4.8 — A diagram of the average changes in the 
patterns of the EEG with increasing depths of anesthesia. 
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Figure 4.9 — Characteristic clinically-defined and 
encephalographically-defined changes according to the 
effect of the individual stages of anesthesia on the central 
nervous system. 
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Figure 4.10 — Progressive changes in the analog EEG 
after barbiturate (thiopental and pentothal, respectively) 
anesthesia. 
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duction of anesthesia to progressive deepening and its termination were defined by 
Guedel in 1920 according to clinical parameters which resulted in stages I to IV. 49 Subse¬ 
quent investigators have staged anesthesia based on EEG changes and correlated these to 
the clinical stages (e.g., Kugler in 1966 developed stages A to F). 50 

Induction of anesthesia is a complex and dynamic cascade of pharmacological and 
physiological events clinically defined by a loss of consciousness and associated changes 
in cardiovascular and respiratory function. The state of general anesthesia is described as 
hypnosis, analgesia, amnesia, and muscle relaxation. This state may be produced by a 
single drug or a combination of multiple drugs. The induction effect of any general anes¬ 
thetic is often evaluated by a loss of consciousness, eyeball motion and position, pupillary 
size, conjunctival ejection and tearing, together with changes in respiratory pattern and 
responses to verbal commands. These clinical signs are complemented by other continu¬ 
ously monitored, noninvasive and, where appropriate, invasively measured cardiovascu¬ 
lar and respiratory variables. However, because the major target organ of general 
anesthesia is the brain, an adequate definition of induction with any anesthetic drug 
should also include an assessment of cerebral function. 


168 





% Spacelabs Medical: ELECTROMYOGRAPHY/ELECTROENCEPHALOGRAPHY 


General anesthetic agents may be separated into six classes; some of their effects on 
the EEG will be briefly reviewed here: 47 

|j Barbiturates 

H Nonbarbiturate induction agents (e.g., etomidate, propofol) 
u Potent inhalation agents 
D Nitrous oxide 
E Synthetic opiates 
II Benzodiazepines 

4.3.1 Barbiturates 

Short-acting barbiturates, most commonly sodium thiopental, are used for induction of 
anesthesia and not for maintenance anesthesia. These agents possess excellent hypnotic 
properties, but do not possess analgesic or muscle relaxant properties, or have weak 
muscle relaxant properties, at best. Barbiturates may also be used in a therapeutic fashion 
during surgery, taking advantage of their ability to decrease intracranial pressure, cerebral 
blood flow, and cerebral metabolism (or oxygen demand). Thiopental causes a biphasic 
effect on the EEG which is dependent on dose and speed of administration. Initially there 
is an increase in fast activity, particularly in the frontal brain, or a disinhibition phase. As 
dosage is increased, the EEG slows in frequency and increases in amplitude. This transi¬ 
tion phase is associated with complete loss of consciousness. At higher doses, burst sup¬ 
pression develops and further increases lengthen the periods of flat EEG until the EEG 
becomes completely isoelectric. As barbiturate levels decrease, the EEG patterns reverse in 
the manner described above. Figures 4.10 and 4.11 show a typical barbiturate induction 
profile for the analog signals and the computer-processed EEG displayed in both CSA and 
DSA formats, respectively. 

Recent evidence has generated heightened interest in the possible role of barbiturates 
in the protection of the brain during cardiac surgery involving cardiopulmonary bypass 
procedures. 31,02 Although the traditional form of cerebral protection during cardiopulmo¬ 
nary bypass is hypothermia, there are several high-risk periods when hypothermia is not 
present: at the initiation of bypass, aortic cannulation, and weaning from bypass. It is dur¬ 
ing these periods that the brain is invariably normothermic and vulnerable to 
embolization. Clinical application of barbiturates during normothermic and hypothermic 
cardiopulmonary bypass procedures have been shown to reduce neuropsychiatric com¬ 
plications. The EEG is used to titrate the dose of thiopental to a burst suppression or iso¬ 
electric pattern such as the one shown in Figure 4.10. 

4.3.2 Nonbarbiturate Induction Agents 

Propofol is an ultrashort-acting intravenous, sedative-hypnotic that produces a dose-de¬ 
pendent CNS depression. It has a reputation for producing a smooth level of anesthesia. It 
is used for both induction and maintenance of general anesthesia. The EEG patterns pro¬ 
duced by propofol are similar to those of thiopental as dose is increased. Levels appropri¬ 
ate for maintenance anesthesia produce a frontally dominant, regular, slow, delta rhythm 
with superimposed waxing and waning 8 to 11 Hz activity. Higher doses produce burst 
suppression which may progress to an isoelectric EEG. Propofol has the obvious advan- 
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Figure 4.11 — Typical induction profiles shown in the 
CSA and DSA formats following barbiturate (225 mg) 
and forane (1.5%) anesthesia using the Sentinel IV by 
AXON, Inc. (increase in beta brain power = *; increase in 
theta/delta brain power = **). 
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Figure 4.12 — Characteristic analog EEG patterns 
associated with forane anesthesia. 






Male: 61 years 


tage of rapid elimination, so that recovery of the EEG following discontinuance of 
propofol is more rapid than with barbiturates. 

Etomidate is a potent nonbarbiturate hypnotic with anticonvulsant properties. It is 
particularly desirable for patients with poor cardiovascular reserve. Following etomidate 
induction, changes in the EEG pattern occur in four characteristic stages and are similar to 
those observed with barbiturates. Initially, alpha amplitude is increased and is mixed with 
theta activity; the second stage is a mixture of theta and delta activity; in the third stage 
there is the appearance of continuous delta; and the fourth stage is one characterized by 
burst suppression activity. Recovery from etomidate anesthesia, like propofol, is also 
much faster than from barbiturates. 




Figure 4.13 — Typical CSA induction sequence with 
inhalational anesthetics (e.g., halothane 1%), Initial loss 
of alpha activity with activation of beta activity (20 to 28 
Hz) and later theta/delta activity dominate. 
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4.3.3 Potent Inhalation Agents 

The potent inhalational agents include halothane, enflurane, and isoflurane. These agents 
are vaporized and delivered at potencies described by a clinical measure known as the 
minimal alveolar concentration (MAC). MAC is the alveolar concentration at which 50% 
of the patients move in response to surgical incision or standard stimulation. It takes about 
30 minutes of administration for the brain concentrations to approximate the inspired gas 
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level indicated on the anesthesia machine. Recent developments in anesthesia equipment 
provide end-tidal concentration measurements of inhalational anesthetics in the alveoli, 
which is considered an equilibrated site and thus an appropriate indication of the brain's 
concentration. 

Halothane, which was the first modern anesthetic gas, causes progressive EEG fre¬ 
quency slowing and amplitude decreases that are proportional to increasing concentra¬ 
tion. It is rarely used in contemporary surgery, particularly for adults, because of risks 
related to drug-induced hepatitis. With halothane in the absence of nitrous oxide, the EEG 
pattern observed during the loss of consciousness is an increase in the frequencies be¬ 
tween 10 to 20 Hz. At MAC levels greater than 1, progressive EEG slowing occurs. 
Halothane has an antiepileptic effect with concentrations as high as 4 MAC needed to pro¬ 
duce an isoelectric EEG. Nonspecific generalized EEG slowing has been demonstrated to 
persist 7 to 14 days following anesthesia. 

Enflurane, like other inhalation agents, initially induces fast EEG activity. At inspired 
concentrations of 1 MAC, large amplitude, 7 to 14 Hz waves appear. Increasing concentra¬ 
tions produce further slowing until slow waves predominate. At levels of EEG suppres¬ 
sion epileptoid bursts suddenly appear. Abnormality in the EEG pattern may persist up to 
30 days following general anesthesia. 

Initially, isoflurane produces an increase in the faster frequencies (15 to 30 Hz), par¬ 
ticularly the frontal areas. At the time unconsciousness occurs, slow waves (2 to 4 Hz) be¬ 
come mixed with fast activity. At approximately 1 MAC, large 4 to 8 Hz waves dominate 
the EEG pattern. Between 1 and 2 MAC burst suppression occurs with complete suppres¬ 
sion at levels around 2.5%. Elderly patients, as compared to younger patients, show a 
greater proportion of time in electrical silence when burst suppression occurs. 

At sub or minimal MAC anesthetic levels, a similar symmetrical EEG pattern is pro¬ 
duced when using any of the potent inhalational agents. 52 EEG patterns associated with 
three phases of anesthesia have been described: induction, steady-state subMAC levels, 
and supraMAC concentrations. With induction, an initial characteristic drug-induced beta 
activity tends to be maximized anteriorly. As induction proceeds, beta activity becomes 
more widespread, increases in amplitude, and slowing in frequency towards the alpha 
range occur. It is during this phase and before a steady state that a faster rhythm may be 
intermixed with a burst of high-amplitude intermittent rhythmic delta activity, usually 
frontal (FIRDA). At lighter levels of steady-state anesthesia, a characteristic widespread 
anteriorly maximum rhythmic pattern (WAR) is seen usually in the lower beta and alpha 
ranges. 

This pattern slows with increasing anesthetic concentrations. Other patterns in addi¬ 
tion to WAR activity may be present such as anteriorly maximum, intermittent slow 
waves (AIS) or widespread persistent slow waves (WPS). At concentrations above MAC it 
has been reported that these agents begin to present their unique EEG effects. With 
enflurane a spike and wave activity may develop around 1.5 MAC. At further increases to 
2 to 3 MAC, a pattern of bursts of high voltage spikes are often separated by periods of 
relative inactivity. When these higher concentrations are accompanied by hyperventila¬ 
tion, seizures are produced. Halothane has an antiepileptic effect with concentrations as 
high as 4 MAC needed to produce an isoelectric EEG. Isoflurane also produces an 
antiepileptic effect with a burst suppression pattern at 1.5 MAC and complete isoelectric 
EEG between 2 and 2.5 MAC levels. Figures 4.12 and 4.13 show typical analog and CSA 
profiles for induction effects following potent inhalation agents. 
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Figure 4.14 — Gray-scale DSA profile of high-dose 
fentanyl induction effect for a 76 year-old male for 
C ABG surgery, (a) Analog traces for the left and right 
cortical hemispheres; (b) DSA plot for preinduction 
premedication; (c) shift in dot density to a dominant 
delta band; and (d) neuromuscular blockage is acheived. 
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4.3.4 Nitrous Oxide 

Nitrous oxide administered as 80% N 2 0 and 20% 0 2 without other anesthetic drugs pro¬ 
duces relatively weak effects on the EEG as compared to the awake state. The changes 
consist mostly of high-amplitude, slow-wave activity. These changes do not correlate well 
with depth of anesthesia. Burst suppression is never reached with increasing concentra¬ 
tions. When additional anesthetic agents are added, they usually dominate the pattern. 

4.3.5 Synthetic Opiates 

There is the well established practice of using rapid-acting synthetic opioids (such as 
fentanyl and sufentanil) during cardiac surgery, because these anesthetics minimize he¬ 
modynamic instability while producing a relatively rapid induction of anesthesia. In par¬ 
ticular, high-dose fentanyl induction, which is defined as an intravenous dose exceeding 
25 mg/kg (or an equipotent dose of other opioids such as sufentanil), has gained wide¬ 
spread popularity for cardiac surgery involving cardiopulmonary bypass procedures. Tire 
data also show that a fentanyl/pancuronium combination affords the greatest hemody¬ 
namic and electrocardiographic stability without producing myocardial ischemia as com¬ 
pared to other combinations of opioid anesthesia and neuromuscular blocking drugs (e.g., 
sufentanil and vecuronium). 54 Several studies have directly focused on assessing the in¬ 
duction effects of synthetic opioid anesthesia on both the analog and computer-processed 
EEG. 40 ' 33 ' 36 Furthermore, even a few reports have prescribed or established clinically effec¬ 
tive and practical criteria and strategies for administration of these opioids during induc¬ 
tion based on EEG changes: fentanyl and alfentanil; 37 ' 38 small doses of sufentanil (5 to 13 
mg/kg) and fentanyl (0.5 to 1.3 mg/kg); 43 high-dose (>25 mg/kg) fentanyl; 4a41,37 and very 
high dose (75 to 100 mg/kg) fentanyl. 58 

The main outcome of these studies has been the description of a neural fingerprint 
using computer-processed EEG clinically applied to tailor high-dose opioid induction ef¬ 
fects to individual needs during cardiac surgery. At the global electrophysiological level, 
conventional multichannel EEG analysis of analog waveforms indicates that anesthetic 
induction begins with the appearance of diffuse theta and some delta which is maximal 
frontally. 55 Within 1 to 2 minutes following the emergence of an irregular bifrontal delta, 
global and more synchronous monomorphic delta activity may prevail, depending upon 
dose and the individual. Over the next 2 to 5 minutes the global EEG pattern evolves and 
stabilizes into a more polymorphous or irregular slow-wave activity, comprised mostly of 
delta waves. 

Figure 4.14 shows typical 2-channel analog and gray-scale DSA patterns with SEF95 
and RMS amplitude represented in trended and digital formats that developed with high- 
dose fentanyl induction (range = 26 mg/kg to 82 mg/kg; x = 40 mg/kg). In general, high- 
dose fentanyl produced remarkably consistent and homogeneous EEG changes. Within 2 
to 3 minutes after the initial induction bolus (usually 250 to 500 mg), the analog EEG 
changed quite abruptly and distinctively from an admixture of small to medium ampli¬ 
tude, moderate-to-fast frequency waves (mainly alpha and beta), to larger amplitude, 
broader waves until there was a dominant slow-wave activity, mostly delta. The transi¬ 
tion phase from a heterogeneous EEG profile at preinduction to a homogeneous and dif¬ 
fuse pattern of delta at postinduction rarely exceeded about 2 minutes at doses of 250 to 
750 mg. In many cases, the immediate postinduction analog waveforms were monomor¬ 
phic, exhibiting an almost sine wave morphology at a single delta frequency. This pattern 
generally evolved and stabilized into a more irregular or polymorphous delta activity. 
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The changes at induction, manifested in the enhanced visual images and derived mea¬ 
sures provided by computer-processed EEG, exhibited a statistically significant bilateral and 
symmetrical: decrease in SEF90; increase in EEG amplitude; and, shift in dot-density, usu¬ 
ally from a dominant alpha and/or beta band to a dominant, extremely dense delta band. 

In regards to opioid anesthesia using a continuous infusion technique, Scott and co¬ 
workers, defined threshold doses of fentanyl and alfentanil based on the correlation be¬ 
tween changes in SEF95 and serum concentrations of those agents. 37 For example, 
threshold doses of 600 to 825 mg and 6000 to 9000 mg for fentanyl and alfentanil, respec¬ 
tively, were reported to produce an EEG profile characterized by a dominant diffuse delta 
with a SEF95 of <4 Hz and amplitude of >50 jxV. These findings show a significant rela¬ 
tionship of delta power spectra associated with opioid-induced EEG changes and age. 38 
The dose requirements for comparable EEG changes decreased by 50% for both fentanyl 
and alfentanil from ages 29 to 80 years. 

A clinically acceptable range for SEF90-97, indicating adequate opioid anesthesia with 
hemodynamic stability for cardiac patients, ranges from 4 to 12 Hz, based on several dif¬ 
ferent devices which use different filters and power spectrum algorithms. However, the 
clinically acceptable values for a particular brain monitor are always dependent on 
within-subject baselines and may exhibit a significant degree of variability. A recent report 
by Sidi and colleagues suggests that cardiac patients tolerated a SEF95 of 10 Hz during 
high-dose fentanyl anesthesia with cardiovascular stability and no increased incidence of 
awareness. 57 Using a periodic analysis. Smith and co-workers/ 8 reported a decrease in 
SEF95 from 17.8 Hz to 7.9 Hz following very high-dose fentanyl (93 mg/kg). 

Taken together, a number of studies using digital power spectral analysis involving 
periodic analysis reported that the greatest mean maximum power value occurred in the 
delta bandwidth (<4 Hz) following opioid anesthesia. 40 ' 43 ' 55,36 In particular, Bowdle and 
Ward reported that maximal delta power was achieved within 4 minutes after 7 to 10 mg/ 
kg of fentanyl and 1.0 to 1.3 mg/kg of sufentanil. 43 Interestingly, this occurs prior to maxi¬ 
mum serum concentrations. Furthermore, values for the potency ratio of sufentanil: 
fentanyl have ranged from 1:5 to 1:11 using various strategies. However, by superimpos¬ 
ing the dose versus brain power or SEF (response) curves, a potency ratio of sufentanil: 
fentanyl have ranged from 1:5 to 1:11 using various strategies. By superimposing the dose 
versus brain power or SEF (response) curves, a potency ratio of 1:8 for sufentanihfentanyl 
occurred. Thus, one description of the neural effects of synthetic opioids at the molar level 
involves a dynamic and significant increase in brain power for particular bandwidths 
(most strongly, delta) at the expense of decreasing the power in others (alpha, beta). In 
addition, this is sensitive to brain topography, opioid, dose, and age. It is clear that the tra¬ 
ditional idea that anesthesia involves just a generalized dampening, depression, or deacti¬ 
vation of cerebral function is invalid, and that its very definition is open to debate and 
progressively changing. Bovill and co-workers; 39 and others have suggested that the neu¬ 
rophysiologic mechanism of opioid anesthesia involves a blocking of afferent input, not 
generalized depression. 

Thus, by using changes or patterns in the power spectrum of the EEG as a common 
induction end-point, one of the primary goals of anesthesia may be partially achieved. 
That is, each patient's separate pharmacokinetic and pharmacodynamic components for 
that individual's dose requirements for providing stable anesthesia can be more easily 
managed. Several different strategies for tailoring drug dosage to individual patient re¬ 
quirements based on a common EEG end-point have been routinely employed during 
cardiac surgery. One of the most recent and controversial involves maintaining a steady- 
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Figure 4.15 — Typical effects of valium on the analog 
EEG. Note the excessive beta activity in the frontal 
channels for each hemisphere. 
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state condition of burst/suppression or isoelectric EEG induced by barbiturate protection 
during cardiopulmonary bypass procedures. 51,52 Another involves using a predefined neu¬ 
ral end-point based on power spectral analysis as a primary "gauge" of opioid induc¬ 
tion. 37,38 ' 4 ' 41 Findings have been presented which strongly suggest that as experience and 
confidence grew with computer-processed brain monitoring for a desired EEG end-point 
based on power spectral analysis (e.g., DSA profiles, SEF95, and RMS amplitude), 
fentanyl dosage was significantly reduced by 23% at induction without changes in hemo¬ 
dynamic stability and awareness. Thus, a particular pattern of computer-processed neural 
effect (Figure 4.13) became a primary desired goal in clinical assessment and regulation of 
anesthesia, as well as re-emergence from it. 

4.3.6 Benzodiazepines 

Benzodiazepines are commonly used for sedation and the production of amnesia. The 
most common uses of these agents are either for premedication or as adjuncts to other an¬ 
esthetic agents. Diazepam represents the classic example. In general, at low doses, benzo¬ 
diazepines produce a marked increase in frontally dominant beta activity. Figure 4.15 
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Figure 4.16 — Typical CSA profile following premedi¬ 
cation with diazepam. Tire initial power in the alpha 
range is rapidly replaced by an increase of activity in the 
beta and theta ranges. The accentuation of theta activity 
show's the tranquilizing component of the substance, 
while the activity in the beta band corresponds to 
psychic indifference. 
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shows a characteristic example of the analog EEG effects of diazepam, and Figure 4.16 
documents the effects as displayed by a CSA format. In the CSA profile shown in Figure 
4.16, the accentuation of theta corresponds to the tranquilizing effects, while the beta activ¬ 
ity reflects the psychic indifference. Midazolam is a recently released benzodiazepine used 
for intravenous sedation, premedication and induction of general anesthesia. With seda¬ 
tion there is an increase in high-frequency activity, particularly from 13 to 30 Hz, which is 
most evident over the frontal cortex, with a simultaneous decrease in occipital alpha. It 
has been recently reported that a beta 1/alpha ratio (13.5 to 20 Hz/8 to 13 Hz) derived 
from the power spectrum could be used to identify periods of amnesia. 60 

A major advantage of a premedication/induction regime combining benzodiazepines 
(such as midazolam) and synthetic narcotics (such as fentanyl or sufentanil) is the putative 
synergistic effect on the level of amnesia and analgesia. However, hypoxemia and apnea 
following sedation or hypotension on induction has been associated with concomitant 
benzodiazepine and narcotic use. Although the EEG effects of these drugs have been stud¬ 
ied individually, little is known about the EEG patterns associated with their concomitant 
use. Figure 4.17 presents the DSA profile of high-dose narcotic and high-dose benzodiaz¬ 
epine induction during cardiac surgery. 

4.4 EEG Monitoring During Carotid 
Endarterectomy Surgery 

Carotid endarterectomy (CEA) is a surgical procedure designed to reduce the incidence of 
stroke in patients with carotid occlusive disease. Specifically, this technique prevents 
emboli or occlusion of a common carotid artery bifurcation containing significant 
atheromatous plaque. The surgery involves adequate exposure of the distal common ca¬ 
rotid artery, carotid bifurcation, and the internal carotid artery well beyond the upper end 
of the plaque. The common external and internal carotid arteries are then clamped in or¬ 
der to perform the arteriotomy and endarterectomy (plaque removal). A shunt or conduit 
may be placed between the distal common and internal carotid arteries because of re¬ 
duced blood flow to the brain. Several aspects of controversy about this surgery have 
emerged. One involves the routine use of shunting. Another addresses the importance of 
assessing the sensitivity and specificity of various brain monitoring techniques to reduce 
cerebral ischemia, particularly during cross-clamping and shunting procedures. 

CEA remains the most commonly performed noncardiac vascular surgery in the 
United States. 61 Analog and computer-processed EEG and somatosensory evoked poten¬ 
tial (SEP) monitoring during CEA are well established as sensitive monitors of ischemia, 
particularly as an assessment of cerebral collateral circulation during temporary occlusion 
and shunting of the carotid artery. In addition, it is generally recognized that arterial em¬ 
bolism from the carotid to the brain represents a major mechanism for stroke. A recently 
introduced adjunct technique for intraoperative brain monitoring is the use of Doppler 
ultrasound (transcranial Doppler) in detecting gas and/or formed-element emboli from 
thrombus or plaque material. Monitoring strategies should incorporate a multimodality 
approach that utilizes the simultaneous combination of at least two of the above tech¬ 
niques: either multichannel (at least four) EEG and TCD or median nerve SEP (mnSEP) 
and TCD monitoring. 
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Figure 4.17 — A DSA profile with corresponding analog 
waveforms showing three distinct "signatures" associated 
with induction of anesthesia: premedication baseline, 
midazolam induction phase, and fentanyl induction phase. 
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Figure 4.18 — Ischemic insult to right cortical hemi¬ 
sphere 20 seconds after cross-clamping of the right 
internal carotid artery as determined by multi channel, 
analog EEG recordings. 
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4.4.1 EEG Changes Associated With CEA 

EEG changes have been reported in 9.8% to 31 % of patients after mechanical occlusion of 
the carotid prior to arteriotomy, 62-65 with the majority of these clamp-related changes oc¬ 
curring within one minute following clamping. 51 Of patients exhibiting clamp-related 
changes of the EEG, 80% appear within the first minute; 50% appear within 20 seconds. 
Major changes begin earlier; more than 80% of these occur within the first 20 seconds. 
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Figure 4.19 — Moderate to severe ischemic insult to the 
left cortical hemisphere after cross-clamping the left 
carotid artery as determined by multi channel, analog 
EEG recordings. The EEG changes were characterized 
as major, exhibiting a greater than 50% attenuation of all 
activity across all frequencies. 
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The characteristic EEG alterations due to ischemia range from subtle EEG changes, 
such as a minimal increase in slower frequencies and mild loss of beta activity, to a com¬ 
plete loss of all detectable electrical activity , 64,65 The EEG amplitude may increase (e.g., 
high-amplitude slowing phenomenon. Figure 4.18) or decrease (Figure 4.19). Increased 
delta activity is almost always associated with decreased amplitudes of higher frequency 
activity. Frequency and amplitude changes are usually ipsilateral to the occlusion, al¬ 
though bilateral changes may occur with severely compromised collateral circulation. 65 
Unilateral changes occur more than twice as often as bilateral changes. After shunt place¬ 
ment, focal EEG changes typically resolve in 2 to 7 minutes, although longer times may be 
required.*’ According to Sharbrough and co-workers, approximately 1% of CEA patients 
that develop persistent focal EEG changes during CEA are associated with a neurological 
deficit immediately postoperatively. 6 These changes are probably caused by embolic phe¬ 
nomena. 

Some centers have characterized EEG changes associated with cross-clamping as 
either minor or major. Major clamp-related changes were defined as changes producing: 
at least 75% alternation of all activity and/or a two-fold or greater increase of less than 1 
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Hz delta activity. 67 A moderate change was attenuation of nondelta activity to about 50% 
of preclamp levels and / or an obvious and persistent increase of delta activity at greater 
than 1 Hz. 53 Approximately 15% to 20% of patients experience major focal changes. 64 
Shown in Figure 4.20 is an example of severe ischemia episodes as detected by computer- 
processed EEG. 

Proponents of selective (or EEG-determined) shunting argue that the major disadvan¬ 
tages of routine shunting are an increased potential for embolic phenomena and the in¬ 
creased technical difficulty in performing the endarterectomy itself. 68 It has been reported 
that only 20% to 30% of patients require shunting and that EEG-determined shunting 
would significantly reduce the risks of cerebral embolism. 64,65 If intraoperative ischemia is 
detected with EEG during trial clamping prior to shunt insertion, it can be easily reversed 
with shunt insertion. Mayo Clinic policy has been to place a shunt whenever visible EEG 
change occurs or whenever cerebral blood flow with clamping drops below 18 to 20 ml/ 
100g/min. 53 ' 63 About 45% of Mayo Clinic's patients require shunts using these criteria. 

In conclusion, recent reports indicate that 2% to 20% of patients having a CEA experi¬ 
ence a stroke. 69 The main factors contributing to this outcome include: 1) hypoperfusion 
during cross-clamping; 2) air or particulate emboli occurring during shunting procedures, 
and reperfusion of the carotid; 3) reperfusion cerebral hyperemia; and 4) postoperative 
emboli (e.g., debris remaining in the vessel or clot formation at the operative site). Several 
intraoperative brain monitoring techniques have been utilized for assessing cerebral blood 
flow and embolic phenomena, and thus reduce the above risks associated with CEA. 
These include: 1) EEG; 2) SEP; and, more recently, 3) TCD. 

4.4.2 Benefits of Continuous Monitoring 

In summary, EEG monitoring during CEA is beneficial for: 

■ Detection of occlusion-associated ischemia. 

■ Assessment of anesthetic level (e.g., level of anesthesia or dosage of barbiturates neces¬ 
sary for burst suppression as a means of brain protection during shunting proce¬ 
dures). 

■ Detection of hypotension (or, more generally, to evaluate requirements for blood pres¬ 
sure control). 

■ Detection of hypoxia. 

■ Detection of shunt malfunction or patency of the shunt during cross-clamping. 

■ Determination of selective or EEG-determined shunting. 

■ Monitoring for delicacy of surgical manipulation of tissue (e.g., dissection and damp 
preparations around carotid). 

■ In general, a more thorough and careful surgical intervention that would not have 
been provided in the absence of monitoring. 

4.5 Monitoring During Cardiac Surgery Involving 
Cardiopulmonary Bypass Procedures 

Cardiac surgery utilizing cardiopulmonary bypass procedures consists of a cascade of 
dynamic surgical and anesthetic events. In 1990, an estimated 400,000 open-heart surger¬ 
ies were performed in the United States alone (American Heart Association, 1993). Tire in- 
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Figure 4.20 — Severe ischemic episode during shunt 
placement and removal as shown by CSA displays 
generated by the Sentinal IV by AXON, Inc. Note the 
abrupt decrease in SEF97 (*) in both frontal channels with 
some decreases in the posterior channels as well. The left 
internal carotid was completely occluded; the right 
internal carotid artery had a >90% high-grade stenosis. 
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Figure 4.21 — This bar plot graphically depicts the effects 
of high-dose narcotics on the SEF95 values and root-mean- 
square amplitude before and after anesthetic induction for 
each cortical hemisphere. Also, note the inverse relation¬ 
ship between these two derived measures of the EEG. 


Left and right cortical hemispheres, respectively 
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[m PIHA, preinduction holding area 
NN IPI, immediately postinduction 
n=61 

* p<0.001 


cidence rates of early (<14 days) postoperative neurological and/or neuropsychological 
complications range from 0% to 100% with the most commonly reported range being 35% 
to 50%. 7n Although many of these psychological/neurological problems appear to resolve, 
reports on permanent residual problems have ranged from 5% to 50%. 71 

Although St. Kubicki, et al, first used EEG monitoring routinely in open-heart surgery 
with cardiopulmonary bypass over 25 years ago, brain monitoring has not yet become a 
routine tool in the repertoire of every cardiac anesthesiologist.' 2 Several attempts have 
been made to present an easy-to-use brain monitoring atlas of various patterns of analog 
EEG and DSA displays associated with cardiac surgery.' Wl ’ Portions or snapshots of the 
continuous analog EEG and computer-processed EEG profile were chosen primarily to 
represent routine and critical anesthetic or surgical events. The spectrum of EEG events 
documented and analyzed directly address such issues as: (1) level of anesthesia; (2) func¬ 
tional classification of anesthetic drugs; (3) recognition and prevention of anesthetic and 
surgical mishaps; (4) hypoxic and ischemic insults on the EEG; (5) quantification of the 


EEG for statistical analyses and Its clinical relevance to critical anesthetic ana surgical 


events; and (6) systems integration of neural, respiratory, and cardiovascular data. 

The results of several studies will be briefly reviewed here. The first involved docu¬ 
menting and analyzing the neural induction effects of high-dose synthetic opioid 
(fentanyl) anesthesia using power spectral analysis to generate DSA displays and derived 
measures such as SEF (Section 4.3.5). 40 Figure 4.4 shows an example of pre-anesthesia 
baseline measures, while Figure 4.14 shows anesthetic induction effects as reflected in a 
snapshot of the analog DSA-displayed EEG generated by the 2-channel Cerebro-Trac 2500 
PLUS with frontalis EMG, mean arterial pressure (MAP), Sa0 2 , and heart rate (HR) con¬ 
currently trended with the neural data. 
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Figure 4.22 — Developed by CNS, Inc., this is a trend of 
the power drop index which demonstrates a diffuse drop 
in power as compared with baseline during cardiopulmo¬ 
nary bypass procedures for cardiac surgery. This patient 
suffered from a diffuse encephalopathy postoperatively. 
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Figure 4.21 graphically depicts the opioid induction effects (see Figure 4.14) observed 

in each cortical hemisphere for SEF and EEG amplitude (AMP) following high-dose 
fentanyl anesthesia (25 mg/kg, fentanyl) for 61 CABG patients. Two measures were taken 
for paired t-test comparisons: preinduction in the holding area (PIHA) and immediately 
postinduction (IPI) but before intubation. 

There was a significant inverse relationship between SEF and AMP for the four mea¬ 
sures taken (rho = 0.96, p <0.01). At induction there was a dynamic reversal in the relation¬ 
ships between the mean values for SEF and AMP in which SEF significantly decreased to 
nearly one-third of the preinduction values, while AMP more that doubled (paired t-tests, 
p <0.02). In addition, there was a rather abrupt shift in dot-density of the DSA from mod¬ 
erate-high frequencies to a narrow, dense band appearing within the delta range (<4 Hz). 

The second study involved using these E)SA fingerprints as a predefined neural end¬ 
point of anesthetic induction. 41 A comparison of the average dose of fentanyl (mg/kg) ad¬ 
ministered as the total induction dose, and across the entire case, was made between the 
first 25 and last 25 cases of a series of 92 CABG cases performed over a 14-month period. 
In Group I, clinical decisions by the anesthesiologist for dosage were not routinely based 
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on brain monitoring, while in Group II, dosage was influenced directly by monitoring the 
analog EEG, computer-processed EEG in DSA format, and derived indices like SEF. Both 
groups were similar with respect to age, weight, proportions of males and females, and 
severity of illness, and also involved the same four cardiac anesthesiologists. Patients in 
Group II whose anesthetic doses were determined solely or in part by brain monitoring 
received significantly smaller amounts of fentanyl, both at induction and across the entire 
surgery (23% less). SEF was significantly higher during both periods for Group II as com¬ 
pared to Group I, which is in accordance with less drug administration. The typical induc¬ 
tion effect for high-dose opioids has been described previously. Briefly, both groups 
showed similar induction profiles which were characterized by a significant bilateral and 
symmetrical: (1) decrease in SEF; (2) increase in EEG amplitude; and (3) shift in dot-den¬ 
sity to a dominant delta band, as described in the first study. 

The next studies utilized a preselected, computer-defined baseline to make 
intraoperative interventions. Aron, and co-workers, undertook a two-part study to moni¬ 
tor 16 channels of computer-processed EEG during hypothermic cardiopulmonary by¬ 
pass procedures in order to: (1) determine if computer-processed EEG measures 
correlated with neurological outcome, and (2) compare neurological outcome in a similar 
group of patients who had received intraoperative interventions based on the identified 
characteristics. 77 The first part of the study involved data acquisition and analysis of on¬ 
line information in an easily interpretable format. Part two of the study involved 
intraoperative intervention during sustained power drops and a comparison of neurologi¬ 
cal outcomes between the two groups. 

A power drop index (PDI) was calculated and compared to baseline measures. The 
PDI was specially developed for use during cardiac surgeries employing cardiopulmo¬ 
nary bypass procedures. The power trend display (Figure 4.22) shows the drop in power 
below the baseline power level at each channel site. This display is based on a comparison 
to the baseline. Each box on this display corresponds to one channel site, looking at the top 
of the patient's head with the nose at the top of the screen and the occipital area at the bot¬ 
tom of the screen. This display updates from the right, moving across the screen to the left 
with each update. The top line of each box represents 100% of the baseline power level at 
that channel site. Within each box are two dotted lines which serve as markers to deter¬ 
mine the severity of the power decrease. The bottom dotted line is positioned at 10% of the 
baseline power level. If the graphical representation of the power drop crosses this dotted 
line, that indicates a 90% decrease in the level of power below the baseline level at that 
channel site. The top dotted line is adjustable and represents the level at which the PDI 
begins to accumulate. 

The PDI is a numerical indicator of the severity and duration of the decrease below the 
baseline power level. The individual PDI for each channel is located in the upper left-hand 
corner of each box. The PDI is calculated by considering how far the power level drops 
below the baseline power level and how long the power level stays decreased. The greater 
the decrease in power, and/or the longer it lasts, the higher the PDI. The PDI will start ac¬ 
cumulating when the power level being recorded at any channel site drops to less than 
40% of the baseline power level at that same channel site. Thus, the overall PDI gives an 
indication of the severity of power decrease over the entire head. 

In part one of the study, 44% of the patients who were brain-monitored without inter¬ 
vention developed new global deficits. In part two, patients who were brain-monitored 
with interventional criteria showed a significant decrease in new global neurological defi¬ 
cits. The incidence was only 5%. 
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Figure 4.23 — CIMON display of the Spectrum 32 by 
Cadwell, Inc. Within the upper portion of each box, the 
unprocessed EEG segment from the most recent 2.5-second 
epoch is shown. Color-coded moving window averages 
are represented below the waveform as a stack of poker 
chips. The newest average is inserted at the bottom of the 
stack with the oldest simultaneously removed from the top, 
causing time to scroll upward. This display depicts marked 
EEG changes of 2-3 standard deviation increases (yellow) or 
decreases (blue) from the reference self-norm baseline 
obtained during surgery. 
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The criteria for intervention were: 

■ Any drop in power to 25% of baseline activity during the pump run. 

■ Any asymmetry or lateralized drop in power during the pump run. 

The methods of intervention were: 

■ Increase cerebral perfusion (MAP minus CVP) to 60 to 65 mm Hg. 

■ Increase CPB pump flow. 

■ Increase MAP using Neo-Synephrine (Winthrop-Green Laboratories, New York, NY). 

■ Readjust the venous cannula. 

■ Increase blood CO,. 

■ Readjust the arterial cannula for a lateralized deficit. 

In summary, a drop in EEG spectral power was believed to be a significant EEG corre¬ 
late of global neurological dysfunction postoperatively. 

Another recent study also strongly supports the routine use of computer-processed 
EEG as a method to reduce the percentage of focal or global neurological deficits associ¬ 
ated with cardiac surgery using cardiopulmonary bypass procedures.' 8 Computerized 
quantitative electroencephalography was used to evaluate the intraoperative detection of 
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cerebral dysfunction. The quantitative EEG was recorded continuously during 96 myocar¬ 
dial revascularizations involving hypothermic cardiopulmonary bypass using Cere¬ 
brovascular Intraoperative Monitor (CIMON) software. This software relies on an 
adaptive statistical approach to detect subtle, but clinically relevant, changes in 
electroencephalographic activity indicative of cerebrocortical dysfunction (Figure 4.23). 
Relative (percent of total) low-frequency (1.5 to 3.5 Hz) power was chosen as the single 
quantitative electroencephalographic descriptor because it is an established hallmark of 
cortical dysfunction and is surprisingly insensitive to moderate changes in body tempera¬ 
ture and level of opioid anesthesia. Reference values for this measure were established for 
each patient after anesthetic induction before sternotomy. The large sample variance often 
seen in low-frequency power was dramatically decreased by using log-transformed data 
and allowing each patient to serve as their own control. Quantitative electro¬ 
encephalographic changes in standard deviation units, or z-scores, were determined from 
the individualized reference self-norm. Prolonged (greater than 5 minutes) and statisti¬ 
cally significant (greater than 3 standard deviations) focal increases in relative low-fre¬ 
quency power were temperature-corrected to determine a standardized cerebrocortical 
dysfunction time at 37 degrees C (CDT37). 

In phase I (n=48), this objective quantitative EEG-based numeric descriptor was used 
to predict neuropsychologic outcome. These CDT37 greater than 5-minute episodes oc¬ 
curred 38 times in 19 patients. The quantitative EEG-based descriptor predicted the occur¬ 
rence of such disorientation (n = 14 or 29%) with a 68% false positive rate but only an 8% 
false negative rate. Since these intraoperative quantitative electroencephalographic epi¬ 
sodes were often (19/38) associated with low (less than 50 mm Hg) pump pressures, 
phase II (n = 48) sought to correct the quantitative electroencephalographic abnormality 
and prevent postoperative disorientation by appropriate increases in cerebral perfusion. 
Although the number of episodes of quantitative electroencephalographic abnormality 
was similar (n = 31) in phase II, these ischemic events disappeared after prompt elevation 
of perfusion pressure. The phase II disorientation rate fell significantly to 4%. Thus, statis¬ 
tically significant increases in low-frequency electroencephalographic relative power, per¬ 
sisting for a temperature-corrected duration of 5 minutes or more, are a reliable means of 
alerting the surgical/anesthesia team to the presence of cerebrocortical dysfunction and 
provide a rational and objective basis for corrective intervention. This form of 
electroencephalographic monitoring appears to offer an opportunity for the timely correc¬ 
tion of perfusion abnormalities or the administration of cerebroprotectant compounds. 

4.6 Intraoperative Transcranial Doppier 

The most recently developed brain monitor for the OR and ICU arenas is the transcranial 
Doppler (TCD). 79 TCD is a new application of ultrasonography that allows the 
noninvasive detection of blood flow velocity in the major intracranial arteries, particularly 
the circle of Willis (Figure 4.24). Current instrumentation records a continuous waveform 
of the pulsatile fluctuation in blood velocity (cm/sec 2 ) that occurs with the cardiac cycle. 
This flow is based on the Doppler shift caused by moving red blood cells and reflects cere¬ 
bral blood flow. The application of TCD monitoring during CEA and cardiac surgeries 
involving cardiopulmonary bypass procedures is extremely valuable as an adjunct to EEG 
monitoring for the evaluation of adequate cerebral perfusion, particularly during cross¬ 
clamping procedures. The most significant drawbacks of this method of continuous moni¬ 
toring is that in approximately 10% of the patients no signal can be obtained due to 
temporal hyperostosis, and the correlation between CBF is not absolute. 
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Figure 4.24 — (a) Normal circle of Willis; (b) vertebral 
and basilar arteries (A) and their major branches. 



4.6.1 Methods 

The devices currently available for intraoperative and ICU use are microcomputer- 
controlled directional Doppler units which utilize low frequency (2 MHz) pulsed probes. 
The TCD records the blood flow velocities of intracranial arteries through selected cranial 
"windows" such as thin regions of the skull and cranial foramina. Shown in Figure 4.25 
and 4.26 is the hand-held Doppler placement over the temporal window above the zygo¬ 
matic arch in order to measure blood flow in the horizontal (Ml) segment of the middle 
cerebral artery (MCA), and other horizontally-oriented basal arterial branches of the circle 
of Willis such as the anterior cerebral artery (ACA). 

The area of greatest risk for ischemic injury expected in the case of CEA surgery is the 
MCA. For intraoperative monitoring of the MCA during CEA, specially designed head- 
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Figure 4.25 — The transtemporal "acoustical window" is 
divided into four distinct areas: the posterior, middle, 
anterior, and frontal windows (left). Transducer 
angulations vary according to which transtemporal 
window is being utilized (right). 



gear fixes the probe to the patient's head with the transducer probe placed over the tem¬ 
poral window. A coating of ultrasound gel is placed on the probe to ensure proper skin 
contact. The Doppler signal is gaited to focal depths between 3.0 cm to 6.0 cm in order to 
insonate the horizontal segment of the MCA ipsilateral to the operated carotid artery. 
With arterial identification of the MCA/AC A bifurcation, blood flow in the MCA is to¬ 
ward the transducer (above zero baseline), while the ACA normally demonstrates flow 
away from the transducer (below zero baseline). In addition, the MCA flow is generally 
greater than the ACA flow. Normal reference values are shown Figure 4.27. 

In general, the continuous blood flow velocity is mathematically transformed using a 
FFT spectrum analyzer, which was described earlier for the analog EEG signal, and dis¬ 
played as a real-time velocity spectrum as well as separate audio signals (Figure 4.27). The 
FFT spectrum analyzer automatically calculates time-mean velocity in cm/sec, peak sys¬ 
tolic and diastolic values, and the pulsatility index [(systolic velocity-diastolic velocity)/ 
mean velocity] using the maximum frequency envelope. These and other spectral features 
of interest to the evaluation of intracranial hemodynamics are illustrated in Figure 4.28. 

4.6.2 Benefits of Continuous Monitoring 

TCD offers several advantages for cerebral vascular monitoring during CEA. It is an effec¬ 
tive, noninvasive test that can be applied continuously throughout anesthesia and sur- 





Figure 4.26 — Placement of the sample volume or 
insonation by the TCD at the bifurcation of the terminal 
internal carotid artery into the anterior (ACA) and 
middle cerebral arteries (MCA). The MCA waveform is 
displayed above the zero baseline and the ACA wave¬ 
form is displayed below the zero baseline. 
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Figure 4.27 — Typical spectral waveform generated by 
Medasonic's Transpect TCD of the MCA/ACA bifurca¬ 
tion during a premedication baseline prior to a carotid 
endarterectomy. 
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gery. One of the major advantages is evaluation of the patency of the shunt and detection 
of emholic phenomena during shunting procedures. TCD monitoring can also facilitate 

the rapid detection of hyperemia, emboli and the differentiation of emboli type, and any 
therapeutic method to minimize these potential complications. There is an approximately 
12% incidence of post CEA reperfusion cerebral hyperemia. It has also been determined 
that these patients have a ten-fold increase in risk to develop significant neurologic 
sequelae. In addition, during or after CEA, 62% of patients sustain bubble emboli and 26% 
formed element emboli. Figure 4.29 shows examples of detecting air and particulate 
emboli from the MCA during CEA surgery. 

Albin, and co-workers, evaluated the ability of the TCD to image micro-aggregates of 
air and particulate matter in the rhesus monkey. 80 The monkey's left internal carotids were 
sequentially injected with air volumes ranging from 0.8 ml to 100 ml in normal saline, or 
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Figure 4.28 — The spectral parameters calculated from 
the FFT transformation of the TCD blood flow velocity 
signals: a) velocity parameters such as peak systolic 
velocity (PSV, cm/sec), end diastolic velocity (EDV, 
cm/sec), and mean-time average (v, cm/sec); (b) systolic 
upstroke, which is defined as the initial slope of the 
peak velocity envelope during the acceleration phase 
of systole; (c) pulsatility, which describes the degree of 
variability' in the maximal flow velocities during the 
different phases of the cardiac cycle (see diagram for 
calculation); and (d) spectral distribution, which refers 
to the content of the spectral waveform. 
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latex microspheres of 1.0 to 25.0 microns in diameter in 0.1 ml volumes of blood. The TCD 
sensitivity to air detection was at 0.8 ml and produced a characteristic high velocity peak 
of at least 120 cm/sec. Latex microspheres of 1.0 micron in diameter could be detected at 
concentrations of 5 x 10' aggregates in 0.1 ml of blood with multiple peaks not exceeding 
90 cm/sec. Two distinct qualities differentiate these effects. First, air emboli characteristi¬ 
cally are imaged above and below the baseline, while particulate emboli are primarily im¬ 
aged above the baseline (i.e., 0 flow). Second, acoustically the auditory response of 
embolic air appears quite distinctly from particulate emboli, which sounds like birds 
chirping. 

Unfortunately, bubble emboli during CEA are not always easy to count individually 
because of superimposition. However, one technique has involved the estimation by cumu¬ 
lative duration within the Doppler spectrum. 81 In this particular study, 38% of the patients 
displayed no bubble emboli signals; 15% displayed 0.5 to 1.0 seconds; 20% displayed 1 to 5 
seconds; and 14% displayed 5 to 25 cumulative seconds of bubble emboli signals. 

Various investigators have established a correlation between EEG activity and the ad¬ 
equacy of CBF. 66 ' 67 The most important EEG charge is voltage attenuation, which corre¬ 
lated with regional CBF less than 10 ml/100 grams of brain per minute. Furthermore, 
shunting nearly always reversed occlusion-induced EEG changes. CBF greater than 24 
ml/lOOg/min is most often associated with the absence of EEG changes. CBF threshold 
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Figure 4.29 — Typical examples of embolic signals 
passing through the MCA during cross-clamping and 
shunting procedures for carotid endarterectomy surgery 
recorded by the Transpect from Medasonics. The top 
panel illustrates the detection of multiple air emboli 
occurring during restoration of normal blood flow 
following shunt placement. The bottom panel illustrates 
the detection of particulate emboli during shunt 
insertion. 


ML: 13 DR: 15 2.00 MHZPW Power: 100% Vol.: 36% How: >[4] 
88 H 

39 

Depths 
-20 

Cursor 
36 

Peak , 



ML: 16DR: 17 2.00 MHZPW Power: 100% Vol.; 23% How: >[2] 

88-f 



ML: 14 DR: 21 2.00 MHZ PW Power: 100% Vol.: 48% How: >[4] 


60 

Depths 

0 

Cursor 

80 

Peak 



for EEG changes does vary with anesthetic agents. The critical CBF with isoflurane (10 
ml/100g/min) is less than that for halothane (24 ml/lOOg/min), thus suggesting some 
protection provided by isoflurane over halothane for decreased CBF-induced ischemia. 
Halsey reported that after cross-clamping during CEA, patients with MCA velocities 
above 20 cm/sec as determined by TCD exhibited no EEG changes. 8 These patients 
(about 70% of the cases) were not shunted. Lastly, as an indirect cerebral blood monitor, 
TCD monitoring provides a clinically significant adjunct in determining the significance to 
EEG changes and, thus, supports the strategy that all such patients should have 
multimodality monitoring. 
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4.6.3 Summary 

In 1989 the American Academy of Neurology released their position statement on TCD. 
TCD is of established value in: 

■ Detecting severe stenosis (>65%) in the major basal intracranial arteries. 

■ Assessing patterns and extent of collateral circulation in patients with known regions 
of severe stenosis or occlusion. 

■ Evaluating and following patients with vasoconstriction of any cause especially 
after SAH. 

■ Detecting AVMs and studying their supply arteries and flow patterns. 

■ Assessing patients with suspected brain death. 

The following uses of TCD are under investigation but are not yet established: 

■ Assessing patients with migraine. 

■ Monitoring during CEA, cardiopulmonary bypass, and other cerebrovascular and 
cardiovascular interventions, and surgical procedures. 

■ Evaluating patients with dilated vasculopathies such as fusiform aneurysms. 

■ Assessing autoregulation, physiologic, and pharmacologic responses of cerebral arteries. 

■ Evaluating children with various vasculopathies such as sickle cell disease, moya 
moya, and neurofibromatosis. 

4.7 Conclusion 

The primary advantages of computer-processed EEG include: (1) the ability to determine 
preselected baselines in order to evaluate deviations during critical anesthetic/surgical 
manipulations; (2) enhanced visual graphics for easier on-line interpretation; and (3) the 
ability to quantify and statistically evaluate the integrated data. Furthermore, 
intraoperative brain monitors provide exceptional capabilities for the integration of major 
organ system data, including neural, cardiovascular, and respiratory; these can be re¬ 
corded and processed on-line and permanently stored for off-line review and analysis. 

One important outcome of the anesthetic drug studies was the discovery of a trend in 
anesthetic management: as experience and confidence grew with decisions based on brain 
monitoring, there resulted a clinically significant change in the protocol for anesthetic 
management. For the first time, the anesthesiologist can literally picture the global or focal 
physiological effects of anesthesia, as the induction effects and others described here dra¬ 
matically illustrate, and thus, tailor drug administration to individual needs based on pre¬ 
defined neural end-points. Thus, anesthetic drugs can then be functionally classified 
according to neural as well as cardiovascular effects. 

In addition, monitoring the EEG provides a sensitive and convenient measure of 
ischemic insults during anesthesia and surgery. The most important limitation to routine 
use of these monitoring techniques in many settings may be lack of experience and stan¬ 
dardization of methods. The available clinical database on intraoperative neurophysi¬ 
ological monitoring has grown enormously over the past decade. Identifying patterns of 
clinical interest and determining meaningful alarm limits will certainly facilitate increas¬ 
ing acceptance and routine use. 
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APB abductor pallicis brevis 
ATP adenosine triphosphate 
ATPase adenosine triphosphatase 
AVM arteriovenous malphamation 
BAEP brain stem auditory evoked potential 
BAER brain stem auditory evoked response 
BEAM brain electrical activity mapping 
BETS benign epileptiform sharp transients of 
sleep 

C capacitance or central 
Ca ++ calcium ion 

CABG coronary artery bypass graft 
CBF cerebral blood flow 
CDT37 cerebrocortical dysfunction time at 37°°C 
CEA carotid endarterectomy 
CIMON cerebrovascular intraoperative monitor 
Cl" chloride ion 
cm centimeter 

CMAP compound muscle action potential 
CMRR common mode rejection ratio 


CNS central nervous system 
C0 2 carbon dioxide 
CPB cardiopulmonary bypass 
CPU central processing unit 
CSA compressed spectral array 
CSF cerebrospinal fluid 
CT computer-aided tomography 
CV conduction velocity 
CVP central venous pressure 

dB pe SPL decibels peak equivalent sound pressure 
level 

dB NHL normal hearing level in decibels 
dB decibel 

dB SL sensation level in decibels 
DC direct current 
DL distal latency 
dL deciliter 

DPSA digital power spectral analysis 
DSA displayed spectral array 
dV/dT change in voltage over time 
E voltage 

ECG electrocardiograph/y/ic 

EDB extensor digitorum brevis 

EDC extensor digitorum communis 

EDV end diastolic velocity 

EEG electroencephalograph/y/ic 

EMF electromotive force 

EMG electromyogram or electromyographic 

EMU epilepsy monitoring units 

EP evoked potential (sometimes evoked 
response) 

ERP event-related potential 

F frontal or fast twitch muscle fiber or 
frequency 

F(int) subclassification of F 
FF subclassification of F 
FFT Fast Fourier Transform 
FIRDA frontal intermittent rhythmic delta 
activity 

Fp frontal-polar 
FR subclassification of F 
gm/dl gram per deciliter 
H Henry 

HC0 3 - hydrogen carbonate or bicarbonate 
HR heart rate 
Hz hertz 


I current 






IaEPSP 

la excitatory post synaptic potential 

n 2 o 

nitrous oxide 

ICA 

internal carotid artery 

non-PNS 

nonperipheral nervous system 

ICU 

intensive care unit 

NSS 

number of small segments 

IP 

interference pattern 

O 

occipital 

IPI 

immediately postinduction 

o 2 

oxygen 

K + 

potassium ion 

OR 

operating room 

K 

kilo ohm 

P 

parietal or power or positive peaks 

KHz 

kilo hertz 

PL 

peak latency 

L 

inductance or liter or left 

P14 

caudal brain stem medial lemniscus 

LES 

Lambert-Eaton Syndrome 

P37 

somatosensory parietal cortex 

LO-MF 

left occipital 

PDI 

power drop index 

LP 

lumbar cord 

pH 

index of acidity/alkalinity 

m/sec 

meters per second 

PIHA 

preinduction holding area 

m/h 

meters per hour 

PNS 

peripheral nervous system 

m 

meter 

POSTS 

positive occipital sharp transients of 

mA 

milliamp 


sleep 

MAC 

minimal alveolar concentration 

PSPs 

postsynaptic potentials 

MAP 

mean arterial pressure 

PSV 

peak systolic velocity 

max 

maximum 

Q 

charge 

MCA 

middle cerebral artery 

R 

resistance or response or right 

MCD 

mean consecutive difference 

REM 

rapid eye movement 

Megabytes 

1 million bytes 

RMS 

root square mean 

mEq 

milliequivalent 

RO 

right occipital 

MF-A1 

midfrontal 

SD 

standard deviation 

mg 

milligram 

sec 

seconds 

Mg ++ 

magnesium ion 

SEF 

spectral edge frequency 

min 

minute(s) or minimum 

SEF90 

spectral edge frequency, 90% 

mm 

millimeter 

SEP 

somatosensory evoked potential 

mm Hg 

millimeters of mercury 

SER 

electrical skin stimulator 

MN 

mean 

SFEMG 

single fiber EMG 

MNAP 

mixed nerve action potential 

SNAP 

sensory nerve action potential 

MND 

motor neuron disease 

S0 4 - 

sulfate 

MNSEP 

median nerve SEP 

s P o 2 

oxygen saturation 

mD 

milliohm 

SR 

sample rate 

MO 

midoccipital 

SAH 

subarachnoid hemorrhage 

mph 

miles per hour 

t 

time constant 

MRI 

magnetic resonance imaging 

T 

time 

ms 

milliseconds 

TCD 

transcranial Doppler 

MUAP 

motor unit action potential 

UCA 

upper centile amplitude 

mV 

millivolt 

V 

voltage 

mx 

mixed 

VC 

voltage capacitance 

n 

number 

VEP 

visual evoked potential 

N 

negative peaks 

VER 

visual evoked response 

N 

number of points 

v in 

voltage in 

N13 

upper cervical spinal cord 

V 0 ut 

voltage out 

NA 

not applicable 

WAR 

widespread anteriorly rhythmic 

Na + 

sodium ion 

WPS 

widespread persistent slow 

NCS 

nerve conduction studies 

Xc 

capacitive reactance 

NEE 

needle electrode examination 

X L 

inductive reactance 

neg 

negative 

Z 

midline or impedance 
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9.0 GLOSSARY 


acetylcholine — The chemical released at the ends of the 
nerve fibers in the somatic and parasympathetic 
nervous systems; it acts in the transmission of 
nervous impulses in the body, 
action potential — A momentary change in the electrical 
potential or charge on the surface of a nerve or 
muscle cell that occurs when the cell is stimulated; 
an impulse transmitted along nerve and muscle 
membranes. 

ampere — A unit of steady electric current, represented 
as meter-kilogram-second, that occurs when the 
current flows in straight parallel wires of infinite 
length and negligible cross section and separated 
by a distance of one meter in free space, 
anode — A positively charged electrode, as seen in an 
electrolyte cell. 

anterior cerebral artery — A horizontally-oriented basal 
arterial branch of the circle of Willis, a major 
intracranial artery. 


anterior horn cell — A part of the motor unit of the 

nervous system located in the anterior, or ventral 
front, portion of the spinal cord, 
anteriorly maximum, intermittent slow waves — An 
EEG pattern observed during increases in inhala¬ 
tion anesthetic concentrations, 
averaging — The process whereby the recording 
segments synchronized to specific stimuli for 
somatosensory evoked potentials (EPs) are 
averaged to reduce the effects of unwanted noise 
on these signals; generally averaging reduces noise 
proportionate to the square root of the number of 
trials. 

axon — The long process of a nerve fiber that usually 
conducts the impulses away from the nerve cell 
body. 

band-pass filter — A filter that allows frequencies 
between two cut-offs to pass with minimal 
attenuation. 
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barbiturate — Agents used to induce and maintain 
anesthesia; have hypnotic properties but do not 
produce analgesia or relax muscles, 
benzodiazepine — Agents commonly used for sedation 
and the production of amnesia as premedication or 
an adjunct to other anesthetic drugs; at low doses, 
these drugs increase the frontally dominant beta 
activity. 

bispectral analysis — Measures the potential interactions 
between the waves on an EEG to determine 
whether dependent components are present; 
quantifies the phase coupling between every 
possible frequency pair combination and their sum. 
brain stem auditory evoked response — Electrical 
responses elicited from the auditory system to 
evaluate the function of several levels of the 
peripheral and brain stem auditory system 
including the auditory nerves and the brain stem 
pons and midbrain; can distinguish signals 
recorded during right and left ear stimulation, 
breach rhythm — Increased fast activity and amplitude of 
normal background seen on the surface EEG as a 
consequence of a disruption (or breech) in the skull. 
The skull, scalp, cerebrospinal fluid, dura and tissue 
on the head act as significant filters for the EEG 
signals, particularly in the high frequency range, 
capacitance — The ratio of charge to potential on an 
electrically charged, isolated conductor; the 
property of a circuit element that allows it to store a 
charge. 

capacitive resistance — The resistance to the current flow 
due to the capacitor; measured in ohms, 
capacitor — An electric circuit element used to store 
charge temporarily, usually consisting of two 
metallic plates separated and insulated from each 
other by a dielectric; also known as a condenser, 
capacity — The ability to receive, hold, or absorb; 
capacitance. 

carotid endarterectomy — A surgical procedure used to 
reduce the incidence of stroke in patients with 
carotid occlusive disease (blockages of the carotid 
artery). 

cathode — A negatively charged electrode; for example, 
an electrolytic cell, a storage battery, or an electron 
tube. 

central nervous system — That part of the nervous 
system consisting of the brain and spinal cord, 
cerebral blood flow — The blood circulation in the head, 
charge — To cause the formation of a net electric charge 
on or in, such as in a conductor, 
circuit — A closed path followed or capable of being 
followed by an electric current, 
collateral circulation — The extra or additional circula¬ 
tory pathways throughout the body and for 
various organs; not the major circulatory path in 
the body. 


common mode rejection — Because electrical systems 
are not perfect, some failure occurs in the amplifier 
of the system so that it rejects the common voltage 
at both the recording and reference electrodes; the 
common mode rejection ratio for EMG equipment 
should be greater than 100,000. 
common mode rejection ratio — A measure of differen¬ 
tial amplifier amplification. It is defined as the 
amplitude of the amplifier output when a reference 
signal is put into one amplifier input and the other 
is connected to ground, divided by the output 
voltage when the same reference signal is directed 
into both amplifier inputs. 

complex repetitive discharge — Abnormal spontaneous 
activity in a muscle seen in any chronic 
neuropathic or myopathic process or condition, 
compound muscle action potential — The recorded 
electrical activity generated in one of the muscles 
supplied by a specific motor nerve, 
compressed spectral array — A specially developed 

display format to visually enhance the computer- 
processed power spectrum. 

concentric needle electrode — The most commonly used 
needle electrode for measuring the electrical 
properties of muscles; constructed with a thin, 
metallic wire about 0.1 mm in diameter, which is 
encased in an external canula of 0.3 mm diameter; 
it records from the thin wire filament at the tip with 
the canula serving as the reference electrode, 
conductor — A substance of medium that conducts an 
electric charge. 

constant voltage — A continuous, steady voltage source 
in an electrical circuit. 

constant-current stimulator — A device used to directly 
stimulate peripheral nerves in nerve conduction 
studies; these stimulators provide a consistent 
stimulus current for such studies, 
contralateral — On the opposite side (usually referring to 
the head when performing an electroencephalo¬ 
graph). 

coulomb — The meter-kilogram-second unit of electrical 
charge equal to the quantity of charge transferred 
in one second by a steady current of one ampere, 
current — A flow of electric charge; the amount of 

electric charge flowing past a specified circuit point 
per unit time. 

cut-off frequency — An index of filtering, the limit for 
frequency set for a specific measurement, 
decremental response —The classic response of a muscle 
fiber produced by repetitive stimulation of the 
muscle; correlates with the clinical observation of 
fatigue in exercised muscles, 
depolarization — The process along a neuron and its 
axon in which a rapid change in action potential 
occurs, usually from -90 mV to +35 mV. 
differential amplifier — A type of amplifier that 
amplifies the voltage difference between the 
recording and the reference electrodes based on the 
concept of common mode rejection. 
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digitize an artifact free signal — To separate the analog 
or continuous signal into discrete elements. 

dot-density modulated spectral array — A specially 
developed display format to visually enhance the 
computer-processed power spectrum. 

dynamic range — The range of signal amplitudes in 
which an amplifier will faithfully reproduce 
variation in the signal. 

electrical hazard — The potential for injury from an 

electrical measurement or device; primarily due to 
unintended current traveling through the subject's 
body; can occur from improper grounding of the 
device systems. 

electrical safety — Conducting human studies with 

equipment and formats that ensure electrical injury 
will not occur. 

electricity — The physical phenomena based on the 
behavior of electrons and protons caused by the 
attraction of the particles with opposite charges 
and the repulsion of the particles with the same 
charge. 

electrode — A solid electric conductor through which an 
electric current enters or leaves an electrolytic cell 
or other medium. 

epilepsy — A disorder in which abnormal electrical 
activity in the brain gives rise to unpredictable 
epileptic seizures that come on without a clear 
cause. 

epilepsy monitoring unit — An area of a hospital or 
clinic in which patients with intractable epilepsy 
are continuously followed with scalp or invasive 
electroencephalograms and by video cameras so 
that their behavior can be correlated with the 
outcomes of the electroencephalographs. 

epileptic seizure — An event arising from abnormal 
electrical activity in the brain characterized by 
unpredictable movements, sensations, actions or 
other manifestations referable to the area of the 
brain generating the abnormal electrical activity. 
These events may be limited to a specific area of 
the brain (focal or partial seizures), may affect the 
entire brain (generalized seizures), may impair 
consciousness (complex seizures), or may leave 
consciousness intact (simple seizures). In their 
most severe form, seizures result in loss of con¬ 
sciousness and cause generalized stiffening 
followed by repetitive rhythmic movements 
(generalized tonic-clonic seizures). 

epimysium — The external sheath of a connective tissue 
surrounding a muscle. 

equal-potential ground bus — A device or arrangement 
that ensures all receptacles in a room have a 
common ground point; particularly necessary in 
intensive care units where multiple electrical 
devices are used simultaneously. 

evoked potentials — The recorded neural signals 

coupled to an eliciting sensory stimulus or move¬ 
ment; clinically evaluate the integrity of the various 
segments of the sensory or motor-conducting 
pathways. 


event-related potential — The long-latency evoked 
potential elicited by psychological responses to 
stimuli. 

farad — The unit of capacitance in the meter-kilogram- 
second system equal to the capacitance of a 
capacitor having an equal and opposite charge of 
one coulomb on each plate and a potential differ¬ 
ence of one volt between the plates, 
fasciculation potential — The electrical potential 
occurring during a small local contraction of 
muscles, which can be visible through the skin; a 
spontaneous discharge of a number of fibers 
innervated by a single motor nerve filament, 
fiber density — An index of the number of muscle fibers 
belonging to the motor unit, 
fibrillation — The rapid, uncoordinated twitching 
movements that replace the normal rhythmic 
contraction of the heart and may cause a lack of 
circulation and pulse. 

fibrillation potential — Abnormal spontaneous activities 
in muscle cells caused by degeneration of the 
muscle cell or necrosis in such conditions as 
muscular dystrophies and myositis; tend to occur 
in the axial and most proximal muscles first and 
later progress to the more proximal limb girdle 
muscles. 

filter — Any various electric, electronic, or optical device 
that is used to reject signals or radiations of certain 
frequencies while passing other such signals, 
fluothane — See halothane. 
frequency spectrum data — Data representing or 

consisting of the power versus frequency param¬ 
eters, or the decomposition of a signal into its 
component frequencies and the power contained in 
each frequency band. 

frontal intermittent rhythmic delta activity — The EEG 
patterns produced during anesthesia induction 
with inhalation gases; usually observed as a burst 
of high amplitude, fast recordings, 
ground electrode — The electrode used to establish an 
arbitrary zero of potential; a conducting electrode 
that is connected to such a position of zero poten¬ 
tial; in electromyography, the ground electrode is 
applied to the skin with electrolyte cream or jelly, 
halothane — Also known as fluothane, the first modern 
anesthetic gas that promotes progressive EEG 
frequency slowing and amplitude decreases 
proportional to the administered dose; associated 
with induced hepatitis, however, 
henry — The unit of inductance in which an induced 
electromotive force of one volt is produced when 
the current is varied at the rate of one ampere per 
second. 

high-frequency filter — A filter used to screen out radio 
frequencies in the range between 3 and 30 mega¬ 
hertz. 

high-pass filter — Allow high frequencies to move 

through a circuit unattenuated and low frequencies 
to be filtered. 
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homologous — Corresponding in structure, position or 
design. In an EEG, homologous implies similar 
structural regions on different sides of the brain. 
Homologous regions need not be exactly the same, 
human immunodeficiency virus (HIV) — The virus that 
causes acquired immune deficiency syndrome, or 
AIDS, a disease that breaks down a part of the 
body's immune system. 

IgG (immunoglobulin G) — A specific member of the 
group of large glycoproteins secreted by plasma 
cells that function as antibodies in the immune 
response by binding to specific antigens, 
immediately postinduction (IPI) — The measure for SEF 
and EEG amplitude taken promptly after 
intubation and anesthesia induction, 
impedance — A measure of the total opposition to 
current flow in an alternating current circuit, 
composed of two components that include ohmic 
resistance and reactance; usually represented as Z. 
inductance — The property of an electric circuit by which 
an electromotive force is induced in it or in a 
nearby circuit by a change of current in either 
circuit. 

inductive reactance — The energy lost through induc¬ 
tance (inducing voltage in a conductor); written as 
X, and measured in ohms. 

insertional activity — Normal electrical activity pro¬ 
duced by mechanically inducing the muscle fiber 
action potentials; usually lasts as long as the 
inserted needle moves. 

insulator — A material that prevents the passage of heat, 
electricity or sound. 

interference pattern — The pattern of inhibition or 
prevention of a clear reception of an electrical 
signal for a specific device, 
interictal spikes — Discharges that occur between 
seizures in patients with epilepsy, 
interpolation — A method in which a line connecting 

two discrete points is calculated. Points on this line 
are added to a data set to fill in the space between 
the points; the process of inserting or introducing 
materials or signals between parts, 
intracranial — Occurring or situated within the head; 
e.g., inside the skull. 

inverse problem — The problem in electrophysiology of 
trying to predict the location of a source of an 
electric field by mapping the field and calculating 
backward what produced the field. To date, no 
unique analytical solution exists to this problem, 
ipsilateral — On the same side (usually refers to the head 
in an EEG). 

jitter — A single-fiber EMG measurement performed 
when two or more muscle fibers belonging to the 
same motor unit are recorded simultaneously; the 
variability of the interpotential interval between 
two single fiber muscle action potentials during 
successive discharges. 


Kirchoff's voltage and current laws — A unit of measure¬ 
ment and laws stating that all elements in parallel 
have the same voltage potential across them and 
that all elements in series have the same current 
passing through them; thus the effective overall 
resistance equals the sum of the individual resistors. 
Lambert-Eaton syndrome — The classic clinical example 
of a presynaptic defect of neuromuscular junction 
transmission thought to be caused by the action of 
an as yet unidentified antibody that prevents the 
normal acetylcholine transmission, 
leakage current — The electrical current unintentionally 
released. 

low-frequency filter — Also called high-pass filters, 
measure the output taken across the resistor to 
attenuate about 30% of the signal amplitude for 
inputs at the cut-off frequency, 
low-pass filter — Permits low frequencies to travel 
through the circuit unattenuated and higher 
frequencies to be filtered. 

M-wave — A response wave obtained by stimulating the 
tibial nerve in the popliteal fossa while recording 
from the gastrocnemius/soleus group of muscles 
(calf muscles); the short latency response of about 
10 msec that directly represents the muscle 
response due to the motor nerve activation. 
macro-EMG — The single-fiber EMG technique that uses 
a specialized single-fiber EMG electrode with a 
typical single-fiber EMG recording surface but with 
a bare canula over the distal 15 mm; of the two 
channels, one records the single-fiber EMG 
potentials while the second channel records the 
macro-potential. 

mean arterial pressure — The mean blood pressure in 
the artery near the site of EEG monitoring; mea¬ 
sured along with the neural and other physiologic 
components during anesthesia induction, 
miniature end-plate potential — The measurable electri¬ 
cal discharge produced after depolarization of the 
muscle membrane secondary to release of a single 
vesicle of acetylcholine; usually present at rest, 
minimal alveolar concentration — The alveolar con¬ 
centration at which 50% of the patients move 
in response to surgical incision or standard 
stimulation. 

monopolar electrode — A commonly used needle 

electrode for electromyography, it is composed of a 
thin metal wire insulated by Teflon except at the 
recording surface at the very tip; requires a second 
monopolar needle or a surface electrode adjacent to 
the skin as a reference electrode, 
montage — A pattern of linking electrodes together over 
the scalp in order to generate a display of EEG 
channels that present EEG data in a particular way. 
Montages can be bipolar or referential, or longitu¬ 
dinal, transverse, circular, etc. 
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motor unit — The peripheral motor system, including the 
anterior horn cell in the anterior spinal cord, the 
axon derived from it, branchings of the motor axon, 
the motor nerve terminals, their adjacent muscle 
endplates, and the muscle fibers innervated by all 
the terminal branches arising from the main axon, 
motor unit action potential — The action potentials 

generated by the motor unit of the neuron; recorded 
by monopolar electrodes per needle electrodes, 
myasthenia gravis — A disease characterized by 

progressive fatigue and generalized weakness of 
the skeletal muscles, especially those of the face, 
neck, arms and legs; the disease is thought to be 
caused by an impaired nervous impulse transmis¬ 
sion resulting from an autoimmune attack on the 
acetylcholine receptors on the muscles, 
myasthenic syndrome — The collection of signs and 

symptoms affecting patients, which usually include 
various weaknesses of the eyelids, eye movement, 
speech, swallowing, neck muscles and skeletal 
muscles; a general disorder disrupting the normal 
activity in the neuromuscular junction, 
myelin — A white fatty material, composed chiefly of 
lipids and lipoproteins that enclose certain axons 
and nerve fibers. 

myokymic discharge — An abnormal spontaneous 

muscle electrical activity prominently occurring in 
the myotonic disorders of myotonia congenita and 
myotonic muscular dystrophy; alters the morphol¬ 
ogy of the recorded MUAP on the electromyograph, 
myopathy — A disease of the muscle or muscle tissue, 
myotonic discharge — Abnormal insertional activity 

seen in inherited myopathies and chronic acquired 
neuropathic and myopathic disorders. 

NEE — For needle electrode examination, an 

electrodiagnostic procedure used to assess patients 
with possible peripheral neuromuscular disorders; 
the oldest component of the electromyographic 
examination during which a recording needle 
electrode is inserted into various skeletal muscles, 
needle electrode — Also called subdermal electrodes; 
fine metal needle electrodes made from stainless 
steel or platinum that are inserted under the skin 
after cleaning the region with a presurgical 
scrubbing compound; these electrodes record 
nervous or electrical responses that are recorded on 
the electromyograph. 

neuromuscular junction — The synapse, or space, between 
the motor nerve terminal and the muscle endplate. 
neurons — Nerve cells. 

neurotransmitters — Chemical substances released by 
cells in the body that act on neurons to cause 
hyperpolarization or depolarization, 
nitrous oxide — An inhalation anesthetic mixture of 
nitrous oxide and oxygen producing relatively 
weak effects on the EEG in the form of high- 
amplitude, slow-wave activity, 
node of Ranvier — A constriction in the myelin sheath 
on the nerve fiber, usually occurring at intervals 
along the length of the axon. 


nonbarbiturate induction agent — An ultra-short-acting 
drug that produces a sedative-hypnotic effect and 
causes dose-dependent central nervous system 
depression. 

non-cephalic — Not on the head, 
notch filter — A narrow band-pass filter designed to 
pass all frequencies except for a small band; for 
clinical EMGs, these filters filter the 50/60 Hz 
signals commonly generated from the power line 
interference. 

Ohm's law — The electrical current (I, amp) is directly 
proportional to the voltage (E, volts) and inversely 
proportional to the resistance (R, ohms) in a 
conductor. 

ohm — A unit of electrical resistance equal to that of a 
conductor in which a current of one ampere is 
produced by a potential of one volt across its 
terminals. 

perimysium — The sheath of connective tissue envelop¬ 
ing bundles of muscle fibers, 
peripheral nervous system — That part of the nervous 
system consisting of peripheral nerves, muscles 
and their interconnections, 
phase — A particular stage in a periodic process or 

phenomenon; the fraction of a complete cycle as 
measured from a specified reference point, 
sometimes represented as an angle, 
polymyositis — A highly infectious viral disease that 
affects children; in its acute phase, it causes 
inflammation of the motor neurons of the spinal 
cord and brain stem, leading to paralysis, muscular 
atrophy and, often, deformities. Polymyositis is 
preventable through vaccination, 
polpharmacy — The use of a combination of anesthetic 
agents for premedication and balanced anesthesia, 
positive wave — In electromyographic terminology, the 
discharges initiated by needle movement following 
axon loss that eventually disappear once the needle 
stops moving. 

post-synaptic potentials — Summed electrical potentials 
resulting from all synapses acting on a particular 
neuron. Synaptic potentials are added together at 
the axon hillock region of the neuron, 
power — The product of applied potential difference and 
current in a direct-current circuit; the product of 
the effective values of the voltage and current with 
the cosine of the phase angle between current and 
voltage in an alternating-current circuit, 
power drop index — A numerical indicator of the 

severity and duration of the power decrease below' 
the baseline power level across the patient's head 
during anesthesia. 

power spectrum — The calculated measure of the EEG 
signals recording the spontaneous electrical poten¬ 
tials of the cortex of the brain across the scalp; calcu¬ 
lated by squaring the amplitudes of the individual 
frequency components of the EEG signals, 
preamplifier — An electronic circuit or device that 

strengthens w'eak signals, as in a radio receiver, for 
subsequent, more powerful amplification stages. 
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preinduction in the holding area — The measure for SEF 
and EEG amplitude taken before intubation and 
anesthesia induction. 

pulsatility index — Calculated as [(systolic velocity- 
diastolic velocity)/mean velocity], it serves as a 
continuous measure of blood flow velocity, 
quantitative EMG — The application of high-speed 

digital technology and analog-to-digital conversion 
of EMG data to permit quantitative manipulation of 
EEG signals. 

recording electrode — The electrode placed in the subject 
that actually accepts the signal from the nerve or 
muscle and records it on a device; the recorded 
signal on an EMG represents the voltage difference 
between the recording and the reference electrodes, 
recruitment — The progressive recruiting of more motor 
units to provide increased forceful contracting of 
the muscle. 

reference electrode — The electrode used as a reference 
point for the measuring of the electrical signal from 
a nerve or muscle; the recorded signal on an EMG 
represents the voltage difference between the 
reference and the recording electrodes, 
resistance — The opposition of a body or substance to 

current passing through it, resulting in a change of 
electrical energy into heat or another form of energy, 
saltatory conduction — When the nerve action potential 

jumps from one node of Ranvier to the successive one. 
sarcolemma — A thin membrane enclosing a striated 
muscle fiber. 

Schwann cell — Any cells that cover the nerve fibers in 
the peripheral nervous system and form the myelin 
sheath. 

sharp spike — In electromyographic terminology, the 
discharges initiate needle movement following 
axon loss that eventually disappear once the needle 
stops moving. 

single-fiber EMG — The technique that measures the 

muscle action potential from individual muscle fibers 
belonging to the same motor unit; performed on most 
standard EMG units with special accessories, 
somatosensory evoked potential — The evoked poten¬ 
tials recorded from the sensory portion of the 
median, tibial and other nerves eliciting responses 
from the proximal roots, spinal cord, brain stem/ 
thalamus, and the parietal cortex, 
spectral edge frequency — The highest visible frequency 
component of the EEG spectrum; it is calculated as 
the frequency below which 95% (SEF95) of the total 
brain power occurs. 

spontaneous activity — The always abnormal electrical 
discharges in a muscle at rest without needle 
movement if one is inserted; usually occur after 
denervation. 

stereotactically — Oriented in three dimensions using a 
three-dimension coordinate frame that is fixed to 
the patient's skull and aligned with the computed 
tomograph (CT) or magnetic resonance imaging 
(MRI) scanner-generated images. 


stimulator — Devices on all EMG units that directly 
stimulate the peripheral nerves during nerve 
conduction studies. 

stray capacitance — The situation in which currents leak 
from the central line or system allowing capacitive 
currents to run through the neutral and ground wires; 
can lead to improper grounding and patient injury, 
stray inductance — The leakage of electrical current that 
induces magnetic fields that can produce current 
flow in other conducting structures and potentially 
injure patients. 

temporal data — Data acquired in the time domain, for ex¬ 
ample, a measurement acquired as a function of time, 
temperature — The degree of hotness or coldness of a 
body or an environment. 

ten-twenty system — A standard adopted by the American 
EEG Society for placement of EEG electrodes. The 
head is divided into standard arcs, using anatomic 
landmarks on the head. Electrodes are placed in 
increments of 10% and 20% of the lengths of the arcs, 
throughput — Refers to devices that process data, this is 
the total number of pieces of data that can be pro¬ 
cessed each second. For example, an A-D converter 
processing 32 channels of data per unit time, 
time constant — The time for voltage across the resistor 
to fall approximately 37%, or the time for the 
capacitor to charge to 63%. 

transcranial Doppler — An application of ultrasound 

methodology that measures the blood flow velocity 
in the major intracranial arteries, 
turns analysis — A quantitative method for studying the 
interference pattern, usually with a computerized 
EMG unit outfitted with a special program to 
acquire the interference pattern and analyze the 
signal for amplitude and turns, 
visual evoked response — One of the most frequently 

used evoked potentials used for clinical testing, this 
measure records the neural signals from the visual 
system and couples these signals to an elicited 
sensory stimulus (e.g., a checkerboard pattern) or 
movement (e.g., a strobe light) from the patient, 
voltage — The electromotive force or potential difference, 
usually expressed in volts, in a body or electrical 
circuit. 

volts — The International System unit of electric potential 
and electromotive force that equals the difference 
of the electric potential between two points on a 
conducting wire carrying a constant current of one 
ampere when the power dissipated between the 
two points is one watt. 

Wada test — The clinical test to measure language 

dominance or codominance in patients having a 
seizure or stroke. 

widespread anteriorly maximum rhythmic pattern — 

The EEG pattern observed at lighter levels of 
steady-state anesthesia; appears as a widespread 
anterior pattern. 

widespread persistent slow waves — An EEG pattern 
observed during increases in inhalation of anes¬ 
thetic concentrations. 
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